Quantification of moisture and density of unbound pavement materials using time domain reflectometry by Bhuyan, Md. Habibullah
  
 
 
 
Quantification of Moisture and Density of 
Unbound Pavement Materials Using Time 
Domain Reflectometry 
 
Md Habibullah Bhuyan 
B.Sc., M.Eng. 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2018 
School of Civil Engineering 
 
ii 
 
Abstract 
Moisture content as well as density of unbound granular materials (UBGM) are 
governing soil state variables influencing the road performance. In Australia, especially 
in Queensland State, roads are frequently damaged by cyclic vehicle loading due to 
increasing MC of the aggregate layers result of flooding or heavy rainfall. As a 
consequence, under the cyclic vehicle loading, density change might be accelerated. 
Therefore, the quantification of in-situ MC and density is a crucial matter in pavement 
management. Some existing techniques can provide quantitative MC and density 
information based on non-invasive methods during construction. However, no suitable 
method has yet been developed to quantify and monitor MC and density of a sub-
surface layer of an existing infrastructure in non-destructive way with sufficient 
accuracy. The primary objective of this research was to develop a methodology for 
estimating and monitoring MC and density of UBGM in the sub-surface layer of an 
existing pavement in non-destructive way. 
In this study, laboratory based investigations have been conducted for varying MC 
with the prospect to evaluate the pavement performance independent of compaction 
energy. A non-invasive electromagnetic (EM) method named Time Domain 
Reflectometry (TDR) is implemented in this study to develop the desired methodology 
for determining both, MC and density. To achieve this goal, calibration functions have 
been developed for particular UBGM with a three-probe rod sensor (RP) suitable for 
point-wise measurements and flat ribbon cable (FRC) sensors suitable for long and 
representative measurements. TDR100 as well as Stabilized TDR-65 devices are 
used in the experiment to obtain reflected TDR pulse. 
Typical UBGM materials have been provided by the Queensland Department of 
Transport and Main Roads and the Australian Road Research Board (ARRB). Initially, 
a RP sensor is used for characterizing the permittivity of the UBGMs with the variation 
of MC and density. A series of experiments providing volumetric moisture content 
(VMC)-permittivity relationships is compared with reputed models, and a very good 
agreement has been found. Long TDR signals related to voltage drop information are 
further analyzed in developing calibration functions providing bulk density and MC. 
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The initial calibration functions were exclusively based on measurements of the long 
TDR pulse providing voltage drop parameters. The functions were significantly 
modified by means of the conception of EC. With the aim to examine the effect of EC 
on soil, experiments were performed in a long tube to calibrate the insulated sensors 
providing calibration functions involving the effect of sensor length, salinity as well as 
temperature. These functions allow the determination of the density of the UBGM. 
Measurements conducted with TDR provide results covering a certain frequency 
content. A detailed study was conducted with the exclusive laboratory development of 
a large co-axial cell that allow measurements in the frequency domain. Results 
measured with TDR are compared with measurement results observed at a frequency 
of 1MHz- 860MHz, and a very good agreement was found. 
To validate the observations made in laboratory and to prove the validity of the 
developed models, two real road sections have been instrumented with TDR sensors. 
In-situ moisture and density are being monitored currently in the instrumented section 
and obtained a very good coherence with the field data. The newly developed 
calibration functions allow for the monitoring of the long term pavement performance 
leading to a better understanding of the time-dependent evolution of for example the 
rutting of roads.   
Repeated load triaxial (RLT) or wheel track (WT) experiments are planned in future 
for the development of deformation models taking into account the variation of MC and 
density. Moreover, considering suction as an additional important factor in unsaturated 
soils, the soil water characteristic curve (SWCC) is obtained of a compacted soil mass 
at conditions similar to the field condition providing the desired relationship between 
the volumetric MC and matric suction. The matric suction can be applied as boundary 
condition or is measured in RLT or WT experiments for developing deformation 
models for UBGM. Based on this information, deformations observed at the 
instrumented sections can be related to changing MC and will help in estimating future 
deformations or the evaluation of falling weight deflectometer (FWD) data.  
The significant outcomes of the thesis has been summarized in the following. 
 
 Development of a methodology to investigate the MC and density of pavement 
materials based on TDR measurements with rod probe sensor. 
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 Adaptation of insulated FRC sensors for the first time to quantify the MC and 
the density of pavement materials using TDR measurements.  
 Development of a noble large coaxial cell to investigate the frequency 
dependent dielectric permittivity of pavement materials.  
 Uncovering the real field instrumentation with FRC and rod probe sensors for 
validating laboratory models and continuous monitoring of field MC and density.  
 Development of an experimental setup to investigate deformation 
characteristics of pavement materials with different MC and density conditions 
using large scale WT test.  
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Chapter 1 INTRODUCTION 
 
1.1 Background 
 
A road network is an imperative component of the national infrastructure and it is 
considered as the key component to promoting growth and development of a country. 
Unbound granular pavements with thin bituminous layers are the most common form 
of road construction in Australia (Oliver 1999). Pavement Engineers handling this huge 
network face a series of challenges including increasing heavy freight vehicles and 
risk of damage from frequent flooding or from flash floods (Muller and Reeves 2012). 
However, unbound granular pavements with thin bituminous layers are highly 
susceptible to premature failure if there is moisture infiltration into the base or 
subgrade (Matacin 2010). Ingression of moisture in the pavement through shoulder or 
surface results to increased pore water pressure or decreased matric suction leading 
to reduced effective stress, strength and stiffness (Charlier, Hornych et al. 2009). 
Moreover, in pavement engineering, the existence of excess moisture in unbound 
pavement materials, particularly when combined with heavy traffic load leads to 
enhanced pavement weakening and decrease in service life (OLIDID and Hein 
2004);(Berntsen and Saarenketo 2005); (Erlingsson 2010). Furthermore, modulus of 
subgrade and sub base layers providing stiffness of the layers decreases significantly 
for increasing moisture content (Finn, Saraf et al. 1977), (Ullidtz 1979), (Monismith 
1992), (Nataatmadja 1992), (Khan 2005). Additionally, the most substantial state 
variable prompting the functionality of unbound granular pavement material is the 
moisture content and with changing of moisture content, changes in density can 
accelerate under cyclic traffic loading (Bhuyan, Scheuermann et al. 2017). 
In Australia, the roads connecting the cities along the coast are vulnerable to the sea 
level rise and resulting storm surge flooding (www.climatechange.gov.au; ISBN: 978-
1-921298-71-4). Especially, the QLD state of Australia faced widespread and 
devastating flooding in January 2011(Scientist 2011). The flooding of roads can also 
lead to hidden structural damages leading to a possibly required rehabilitation of the 
concerning road section. 
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Figure 1.1 Sources of moisture in pavement systems (Adabanija, Adetona et al. 2016) 
It is well understood that pavement materials experience moisture ingress from 
different sources as described in Figure 1.1. Just after retaining of the flood water, the 
pavement remains in Saturated Surface Dry (SSD) condition which is the worst case 
from the structural point of view. Vehicle load produces excess pore water pressure 
which eventually creates potholes on road surface as shown in Figure 1.2. Moreover, 
highways with low elevation from ground surface experience low drainage and even 
more structural damages by the heavy vehicles. 
 
Figure 1.2 Bruce Highway faced severe pothole near Bowen just after the 2010/11 
heavy rainfall event (Monthly report 2013 by Queensland Reconstruction Authority) 
 
3 
 
(Sultana, Chai et al. 2014) conducted Falling Weight Deflectometer (FWD) tests at 
Luxford Street in Chelmer just after the 2011 QLD Flood and compared the results 
with FWD data taken before the flooding (Figure 1.3). Comparison shows that 
deflection values have significantly increased and structural integrity has decreased 
greatly within a relatively short period of time of around six weeks.  
     
Figure 1.3 Maximum deflection versus chainage and structural number versus 
chainage in Luxford St. in Chelmer.(Sultana, Chai et al. 2014) 
 
1.2 Research Aim and Methodology 
 
The overall aim of this research project is to develop a methodology to measure 
moisture and density of road materials in a non-destructive manner to provide the 
basic information allowing the evaluation of the pavement performance. Water table 
variation due to frequent flooding and the corresponding moisture content change will 
be discussed. Especially post flood effects will be highlighted. The thesis addresses 
key issues which resulted in the following objectives and methodologies of the 
presented PhD research. 
 Development of a measuring method for monitoring moisture content (Noborio, 
McInnes et al.), electrical conductivity (EC) and density of pavement materials. 
Time domain reflectometry (TDR) method in combination with TDR100 and 
STDR-65 pulse generators are used for this task. 
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 Introduction of flat ribbon cable (FRC) sensors to obtain representative 
measurements over a long section substituting the conventional rod probe (RP) 
sensors providing pointwise measurements. 
 Instrumentation of a real road section with RP and FRC sensors to observe 
water content and density changes due to compaction or vehicle loading. This 
task is accomplished in collaboration with the Department of Transport and 
Main Roads (DTMR). 
 Analysis of laboratory data against field observations and validation.  
To examine the developed models, two sections of a real pavement were 
instrumented. The obtained in situ properties of the pavement under the specific 
condition are compared with the estimated results with the models developed in the 
laboratory. 
 
Flowchart 1.1 Designed methodology of the research 
 
Flowchart 1.1 shows the chosen approach for the presented study. Two basic streams 
have been followed with the focus on laboratory investigations to develop the 
procedures and analysis methods for quantifying MC and density using the selected 
Laboratory 
Investigation 
TDR100  
& 
STDR-65 
Field 
Instrumentation 
Sensor (RP, 
FRC) Calibration 
 
Moisture 
Content 
Density 
EC 
 
Sensor Installation 
in roads 
In situ 
properties of soil 
Development 
of Calibration 
Functions 
Estimated field 
values using 
calibration functions 
Measured field 
values 
System 
Automation 
Soil Specific 
Calibration 
 
Validation 
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sensors. The second stream presents the works for the development of the field trials. 
All these works were performed to quantify the MC, dry density and the electrical 
conductivity of UBGM. 
1.3 Research Innovations 
 
As already mentioned, most influencing parameters for estimating performance of 
UBGM are the MC and density. Lateral movement with surface deformation called 
rutting is greatly correlated with the variation of MC and density of UBGM. However, 
there is no performance based model available for analysing surface deformation of 
roads considering variations in MC and density. In this project, a sensor based in situ 
moisture and density monitoring system will be developed using TDR method which 
in future will allow correlation with the surface deformation.  
Following up the background, this project is of great importance for all road 
infrastructure along coastlines as well as for the ones affected by moisture ingress. It 
will provide a useful tool for designing and constructing, specially maintaining roads in 
flood prone areas. Moreover, the extension of the presented work resulting in the 
development of a deformation model would help in regulating traffic movements in 
flood events which has the great potential to reduce road maintenance cost 
significantly.  
The following significant research and technological gaps are addresses in this study 
in pavement industry. 
 There is no suitable method providing continuous density changes as a 
consequence of moisture change in road materials. 
 There is no method available for providing moisture and density information in 
roads over representative lengths. 
 There is no suitable experimental set up to observe the lateral movement (shear 
failure) of pavement along with vertical deflection for the variation of material 
MC and density. 
 There is no model available for measuring deformation of roads based on field 
moisture and density of road materials. 
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1.4 Thesis Overview 
 
The thesis is structured based on the problem statement and objectives. Main results 
are presented in the attached papers, and the conclusions with the definition of future 
research are presented in the report. Chapter 1 presents the background information, 
objectives, research contribution and the innovation. Chapter 2 covers the 
comprehensive literature review with the research gap. Conventional methods and 
commercially available devices in estimating MC and density are discussed. 
Afterwards, a detailed methodology to obtain the soil specific calibration functions is 
presented in Chapter 3. The chapter also provides the planning, site selection and 
implementation of the real road instrumentation. Chapter 4 offers the summary of the 
attached papers highlighting problem statement, methodology and outcome of the 
study. Later on, chapter 5 reports the direction of impending research continuing from 
this study. The limitations of the study including the laboratory investigations and field 
instrumentations are elaborately explained. Finally, the study reports the overall 
conclusion in Chapter 6. Following that, References are listed and all the papers are 
integrated in Chapter 7 before the appendix A. 
1.5 Linkage of the Papers 
 
The first paper provides the methodology of measuring MC and density with RP sensor 
based on empirical models. In order to modify the first method, the idea of EC was 
developed in paper II and merged with Paper I. The resulting paper III provides the 
modified MC and density functions with higher accuracy than paper I. These functions 
were developed considering point-wise measurements whereas the vision was broad 
to obtain the representative measurements over a long section. Hence, a special 
coated FRC sensor of longer length was used. This study is accumulated in paper IV 
providing MC of the material. It is further extended to measure the density and 
incorporated in paper V. Paper IV and V provide MC and density information 
respectively with some possible errors. The reasons were investigated and found 
some noise on the TDR pulse generated from TDR100. Later on, an advanced pulse 
generator (STDR-65) was successfully introduced in the experiments to improve the 
accuracy that is compiled in paper VI. Finally, the results obtained from the time 
domain are compared with the frequency domain and presented in paper VII. The 
whole procedure is demonstrated in Flowchart 1 (Appendix A). 
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Chapter 2 LITERATURE REVIEW 
 
This chapter provides the detailed information of the methods for measuring MC and 
density by non-destructive and electromagnetic (EM) methods. Section 2.1 delivers 
the working methodology, usage and limitations of nuclear and non-nuclear density 
gauges. Following Section 2.2 offers the idea and working principle of TDR including 
information on the usually used step pulse generators (TDR100, STDR-65), typical 
sensors, multiplexer and data logger. Subsequently, analysis methods for TDR data 
are discussed in Section 2.3 including the interpretation of TDR traces, calculation of 
the apparent dielectric permittivity, volumetric moisture content (VMC) and electrical 
conductivity (EC). In the same section, sub-section 2.3.5 elaborately describes the soil 
specific calibration procedure for estimating MC and density using EM method. 
2.1 Commercially Available Methods of Measuring Moisture Content and Density 
 
Non-destructive tests are increasingly being used nowadays with a view to assess 
pavement quality as well as to regulate the compaction process of pavement layers 
(Ziari, Behbahani et al. 2010). Many devices/methods are available commercially 
nowadays for in-situ moisture and density measurement of road materials in a non-
destructive way (Rose 2013). Among these devices, the Nuclear Density Gauge 
(NDG) and non-nuclear devices like Electrical Density Gauge (EDG) and Soil Density 
Gauge (SDG 200) are discussed in this study as representative solutions. Some other 
non-destructive devices like GeoGauge and Falling Weight Deflectometer (FWD) 
provide the soil structural parameters, such as the Soil Resislient Modulus and 
Stiffness rather than moisture content and density (Rose 2013). Finally, the Standard 
Dynamic Cone Penetrometer (SDCP) test is discussed as a measuring device for the 
unbound compaction that can provide and indication on the MC and density value in 
the form of penetration index (DPI). 
 
2.1.1 The Nuclear Density Gauge (NDG) 
 
Nuclear density gauge is used frequently nowadays for estimating in-situ MC and 
density of pavement materials according to the D2922-D3017 method (ASTM 2013). 
The device uses a radiation source for creating scattering gamma waves through the 
soil mass. The waves are detected by the sensor at the base of the device and the 
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result is converted to the soil density (Figure 2.1). The gauge is much faster than taking 
a manual core sample. However, the device uses high radioactive gamma rays that 
may cause health hazard when handled wrongly and therefore requires special 
training of the operators. Furthermore, little changes in material type and test location 
can create considerable effects on the density results (Ziari, Behbahani et al. 
2010).The device measures an average density value of a soil layer covering a height 
of maximum 300mm (Swinford and Meyer 1985). Therefore, the device cannot be 
used to evaluate the density of sub-base and subgrade layer once the construction is 
completed. Against the background of the considered problem, this device is ideal for 
quality control during construction of a road, but fails for obtaining quantitative moisture 
and density values of a sub-surface layers after construction for monitoring purposes. 
 
Figure 2.1 Troxler NDG for soil density measurements using direct transmission 
(produced from (Swinford and Meyer 1985) 
 
2.1.2 Non-nuclear Electrical Density Gauge (EDG) 
 
Non-nuclear device has been developed with a view to overcome the disadvantages 
of nuclear density gauge providing a very safe, fast, reliable and cost effective 
replacement (Karlsson 2002). The Electrical Density Gauge (EDG) manufactured by 
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HUMBOLDT is a non-nuclear device in estimating the moisture and density of 
foundations and pavement layers. The device measures the electrical properties of 
soils using high frequency radio waves travelling through the metal rods driven into 
the soil under test (Brown 2007) (Figure 2.2). The device processes the impedance, 
capacitance and resistance values between the driven rods during the measurements. 
The corresponding standard (ASTM 2011) mentioned that EDG device correlates the 
impedance value to the density of the soil whereas ratio of the capacitance to 
resistance is correlated to the moisture content of the soil. 
 
 
Figure 2.2 HUMBOLDT Electrical Density Gauge (https://www.humboldtmfg.com) 
 
Several researchers and practitioners use the EDG device for the laboratory and field 
testing of different types of materials. (Rathje, Wright et al. 2006) found that the device 
does not work properly on highly plastic clays. (Brown 2007) evaluated the EDG with 
the NDG over multiple types of soils and concluded that density values from EDG are 
highly correlated with NDG values for sandy soils and fine grained materials, however, 
EDG provides a poor correlation to NDG for the moisture content. 
 
(Meehan and Hertz 2012) assessed the EDG device by comparison of laboratory and 
field testing. The authors selected around 50 test locations representing a variety of 
soils at the Delaware state of USA in order to develop a soil specific calibration model. 
The NDG gauge was used in parallel to provide a further comparison. However, no 
strong correlation was obtained between the devices in field results. A laboratory 
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calibration function was developed to improve the accuracy of measurements. 
However, even under laboratory conditions, the device produced scattered results. 
 
2.1.3 Non-nuclear Soil Density Gauge (SDG 200) 
 
SDG device (Figure 2.3) is manufactured by the Transtech Systems Incorporations on 
the principle of measuring dielectric properties of soil using high frequency radio waves 
like the EDG (http://www.transtechsys.com). The device uses the electrical impedance 
spectroscopy (EIS) to measure the MC and density of a soil sample. While 
measurement is taken, the electrical sensing field of the SDG device changes to the 
electrical impedance of the material matrix and soil density is obtained. Density of the 
soil mass increases for decreasing air content in the soil constituent as the air has the 
lowest dielectric permittivity compared to the other phases of the soil mass.  
(Wacharanon, Wachiraporn et al. 2009) investigated three pavement materials such 
as sand and soil-aggregate as the sub-base and crushed rock as the base pavement 
in Thailand. The authors summarized that SDG is a potential device for evaluating the 
construction phase of pavements with the aim to cover a large area. However, it is not 
suitable for the post construction evaluation. (Berney IV and Kyzar 2012) evaluated 
NDG, EDG, sand cone and SDG on a particular site and found the highest standard 
deviation on density measurements for the SDG. Moreover, (Mejias-Santiago, Berney 
et al. 2013)  evaluated the SDG performance based on measurements with fine 
grained soils. The authors concluded that SDG device could not identify small density 
changes while the number of wheel passing of the compaction devices was increasing. 
The device needs to be transported every time to the site for measurements. Soil 
gradation and proctor test of the particular soil is required for calibration of the SDG 
device. Moreover, it provides an average value of the soil mass covering maximum 
300 mm height. In addition, the device cannot be used to evaluate the density of sub-
base and subgrade layer in non-destructive way once the construction is done.  
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Figure 2.3 Soil Density Gauge 200 (http://www.transtechsys.com). 
 
2.1.4 Standard Dynamic Cone Penetrometer (SDCP) 
 
Standard DCP determines the density of soil by measuring the depth of penetration of 
a standard cone driven into the soil. The penetrometer comprises of two rods 
connected to each other where the cone is placed at the end of the lower rod as shown 
in Figure 2.4. A standard hammer weighting of 17.6 pounds is dropped through the 
upper rod and the penetration of the cone into the soil is read on a vertical scale and 
recorded in the field (ASTM 2003).  
 
Highway organizations and practitioners frequently use this device in order to monitor 
the structural health of the granular base and sub-base layers. Practitioners further 
associate the results with the highway design parameters such as soil resilient 
modulus and California Bearing Ratio (CBR) ((Burnham 1997), (Webster, Grau et al. 
1992), (Salgado and Yoon 2003), (Burnham and Johnson 1993), (Siekmeier, Young 
et al. 2000),(Parker, Hammons et al. 1998). 
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Figure 2.4 The Standard Dynamic Cone Penetration Device (SDCP) (produced from 
(Berney IV and Kyzar 2012) 
 
Field test results are usually recorded as Penetration Index, DPI (inch/blow) value 
indicating the depth of penetration for each drop of the standard hammer. DPI values 
for the corresponding penetration depth provide an indication of the relative density of 
the soil layers and was even used to quantify the soil dry density (γd) (Salgado and 
Yoon 2003) using the empirical formula: 
  
γd =101.5 x DPI-0.14 x (σv / Pa) 0.5 x γw 
 
Where σv is the effective vertical stress, Pa is the reference stress, and γw is the unit 
weight of water. The Minnesota Department of Transportation has accompanied 
extensive works on SDCP tests for the quality control of the backfill of edge drain 
channels and of granular base layers (Berney IV and Kyzar 2012). After a huge effort 
during the field experiments, it was convinced that no clear correlation was found 
between the modulus or stiffness values of soil and the density-moisture relationship 
of a standard Proctor test. 
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2.2 Time Domain Reflectometry (TDR) Method 
 
Time domain reflectometry (TDR) is an electromagnetic (EM) measurement technique 
that has been used for many years for various purposes (O'Connor, Dowding et al. 
1994). It was originally used in telecommunication and for computer networks for 
localizing damages in long coaxial cables. Currently, it is widely used in civil and 
agricultural engineering for monitoring soil moisture and the localization of shear 
deformation in rock and soil. Specifically, this well-known and established non-
destructive method is used in a massive scale for measuring both moisture content 
(Noborio, McInnes et al.) and bulk electrical conductivity (ECb) (Dalton, Herkelrath et 
al. 1984), (Topp, Yanuka et al. 1988). Three-rod probe sensors connected to coaxial 
cable are commonly considered as standard TDR method for obtaining moisture 
content of soils (Topp, Davis et al. 1980, Zegelin, White et al. 1989). (Scheuermann, 
Huebner et al. 2009) introduced a flat ribbon cable (FRC) sensor for measuring 
moisture profiles within an embankment using TDR. 
Although plenty of researchers and practitioners use the TDR method in measuring 
MC and ECb, very few of them focused on measuring density. Some researchers paid 
attention on measuring ECb along with the moisture content of soil (Noborio, McInnes 
et al. 1994). (Siddiqui and Drnevich 1995) extended the application of TDR for 
measuring ECb. They also developed an approach for measuring moisture content 
and density depending on the dielectric permittivity of the soil only. (Yu and Drnevich 
2004) finally presented a further developed method, that has been modified in various 
publications (Siddiqui and Drnevich 1995), (Drnevich, Yu et al. 2001) and (Drnevich, 
Yu et al. 2002). Depending on the ECb both, MC and dry density can be determined 
using one single TDR measurement leading to the ASTM standard D6780 in the year 
2003. Finally, (Yu and Drnevich 2004) developed a one-step TDR method taking into 
account the temperature, providing a fast, accurate and safe method for compaction 
quality control. 
2.2.1 Material specific calibration for moisture and density measurements 
 
(Siddiqui and Drnevich 1995) extended the application of measuring ECb to civil and 
geotechnical engineering. They developed an approach for measuring moisture 
content and density depending on the dielectric permittivity ε of soil using TDR. Figure 
1 in appendix A shows the field set up developed by (Siddiqui and Drnevich 1995) with 
14 
 
the probe inserted into the soil. The basic approach involved measurements under 
field and known laboratory conditions. Initially, ε is measured using the TDR trace of 
the installed rod sensor in the field. Subsequently, the soil is excavated from the same 
point and compacted in a mould with known MC and density and a TDR measurement 
is conducted.  
(Yu and Drnevich 2004) presented a further modified method based on the 
approaches presented in (Siddiqui and Drnevich 1995), (Drnevich, Yu et al. 2001) and 
(Drnevich, Yu et al. 2002)  for determining MC and dry density based on ECb using a 
single TDR measurement. 
(Yu and Drnevich 2004)proposed straight line Equations (2.1), (2.2) and (2.3) to obtain 
the calibration constants a,b; c,d and f,g for defining the fitting lines shown in Figure 2 
in appendix A. 
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Furthermore, the authors considered temperature as one of the factors affecting the 
dielectric permittivity and suggested temperature correction according to Equation 
(2.4). In the following, ECb was adjusted as well according to Equation (2.5) 
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Progressively, (Yu and Drnevich 2004) developed the One-step TDR method also 
considering temperature. The method comprises Equations (2.6) and (2.7) for 
calculating MC and dry density. 
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The One-step TDR method is fast, accurate and safe for compaction quality control 
standardised by (ASTM 2003). Although, the method is non-destructive, it cannot be 
used for density monitoring in the sub-surface layers of an infrastructure, a depth 
greater than 204 mm from the surface once construction is completed. 
Later on, (Drnevich, Ashmawy et al. 2005) developed a straight-line soil-dependent 
calibration relationship independent of ECb to calculate MC and density. The authors 
provided a list of calibration constants (a, b, c, d) (Figure 1, Appendix A) for different 
types of soil. However, crushed rock material used as road base was not considered 
in this study. Furthermore, this method has the similar limitations as the method after 
(Yu and Drnevich 2004) which cannot be used as well for monitoring MC and density 
in the sub-surface layer of an infrastructure. 
Afterward, (Jung, Drnevich et al. 2012) introduced a new methodology considering 
voltage drop of the reflected TDR pulse for measuring moisture content and density. 
The voltage drop happens during the passage of EM wave through the soil and is a 
reflection of ECb. In this method, voltage drop and density are normalized against 
dielectric permittivity, and a calibration function was developed to determine dry 
density directly. Using this method, field moisture and density can be measured once 
the instrument is brought to the field, the soil is excavated, and the sensor is placed at 
the point of concentration.  
However, still now, there is no suitable method that can be used in monitoring of MC 
and density of sub-surface layers of pavement in non-destructive way.  
 
2.2.2 Research Gaps and Approach of This Study  
 
From the previous literature review, it is clear that there is no suitable method for 
monitoring of MC and density of sub-surface layers of pavement in non-destructive 
way for example TDR. Specifically, the following gaps are identified. 
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 There is no suitable method available providing continuous density changes as 
a consequence of moisture change in road materials. 
 There is no method available for providing moisture and density information in 
roads over representative lengths. 
 There is no model available for measuring deformation of roads based on field 
moisture and density of road materials. 
 
In the presented study, TDR measurements are done on soil samples with different 
moisture contents and densities providing voltage drop information. The voltage drop 
significantly changes because of changing volumetric water or air content of the soil. 
A theoretical formulation of ECb is established using this voltage drop information. This 
information is then further used to develop a calibration function providing the 
opportunity to obtain moisture content information. This study is done using two types 
of pulse generators, namely TDR100 and STDR-65, the later in order to minimize the 
noise in the reflected TDR pulse. 
Two types of sensors are used in this study with the aim to obtain point-wise 
measurements using rod-bases sensors as well as representative measurements of 
a long section by using the FRC as sensor. This study demonstrates the opportunity 
of sub-surface monitoring of MC and density of an infrastructure. Moreover, a large 
coaxial cell was developed as well in order to achieve more precise estimation of 
dielectric characteristics of crushed rock soil samples using the vector network 
analyzer (VNA) through measurements over the frequency and time domain. Finally, 
two case studies are completed in the form of real road instrumentations to 
authenticate the laboratory developed calibration functions.  
 
2.3 Principle of TDR 
 
Figure 2.5 demonstrates the working methodology of the TDR. The TDR device (e.g. 
a TDR100) generates a short rise time EM pulse that is applied to a transmission line 
consisting of coaxial cable and sensor. The TDR pulse travels through the coaxial 
cable and sensor is reflected back at the open end of the sensor and travels back to 
the TDR device where the signal is recorded from oscilloscope. (Figure 2.5). The 
reflected pulse is presented in the form of the reflection coefficient (Equation 2.1) 
defined as the amplitude of the reflected pulse over the transmitted pulse 
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(www.tektronix.com/oscilloscopes) (Tektronix, 1989a). The reflected pulse is saved in 
the computer as the so-called TDR trace and can be analysed further to identify the 
characteristics of the tested material. The reflection coefficient can be further defined 
using the characteristic impedance of the transmission line (coaxial cable) and load 
(sensor + material under test - MUT) (Equation 2.8). 
( )
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incident L o
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
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
                          (2.8) 
Where Zo and ZL are the characteristic impedance of the transmission line and load 
respectively (Figure 2.5). The characteristic impedance of a coaxial cable remains 
constant whereas the characteristic impedance of the sensor varies due to the 
properties of the sample around the sensor. The reflection co-efficient (ρ) varies from 
+1 to -1 depending on the characteristic impedance of the sensor plus MUT. When 
ZL> Zo, positive reflection coefficient is obtained and vice versa. The value of the 
reflection coefficient is further used to identify the dielectric characteristics of soil. 
 
Figure 2.5 Schematic diagram of working principle of TDR 
 
2.3.1 Pulse generator 
 
The Time Domain Reflectometry (TDR) system developed by Campbell Scientific is 
comprised of the TDR100 Time Domain Reflectometer (Figure 2.6), a Campbell 
Scientific data logger (CR10X, CR800, CR850, CR1000, or CR3000), multiplexers for 
high frequency signals (SDMX50), TDR probes (sensors) and PCTDR software. The 
TDR system has the following features. 
Step Pulse 
Generator    
(TDR100) 
Computer 
Transmission line 
Characteristic Impedance, Zo 
TDR probe/ wave guide/Load 
Characteristic Impedance, ZL 
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 Provides non-destructive, long-term and in-situ soil measurements.  
 Provides very short measurement time as two seconds with 250 data points.  
 Supports up to 512 TDR probes with multiplexer. 
 Provides graphical user interface software (PCTDR) to facilitate measurement.  
 Supports operating temperature range of -40° to 55°C for the TDR100 
Reflectometer.  
 
The possibility of implementing user specific configurations provides a great range of 
flexibility for accurate and reliable soil MC and EC measurements. Other applications 
in combination with specialised sensors include rock mass deformation, cable integrity 
monitoring, slope stability monitoring, and water level detection of a water structure or 
the water body. The TDR100 can only be used for measurements in the time domain. 
The covered frequency band is 1 GHz, however, the frequency depends on the used 
sensor and the MUT. Furthermore, the reflected pulse contains some noise (jitter) that 
may lead to misinterpretations in the analysis. 
 
Figure 2.6 Photographic view of the pulse generator, TDR100 
 
In order to overcome the limitations of the TDR100, an advanced pulse generator 
named SEQUID Device has been manufactured (Figure 2.6). The SEQUID Device is 
entitled as Stability Time Domain Reflectometer (STDR-65) 
(http://www.sequid.de/index_en.php) and comes with the RFQ-Scan software. 
Measurements with a single ended TDR probe or open ended coaxial line sensor can 
be conducted. Several sensors can be connected to the device via multiplexer. The 
SEQUID device works on the same principle as the TDR100 as shown in Figure 2.6. 
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However, the STDR-65 device has some special features like measurement capability 
of real as well as complex permittivity, a broad range of frequency from 10 MHz to 5 
GHz, and stability in TDR pulse with minimum noise which cannot be measured by the 
TDR100 pulse generator. 
 
Figure 2.7 Photographic view of the SEQUID device (STDR-65) 
 
The device can be used for automatic measurements in the laboratory, under industry 
environment or in the field. The RFQ-Scan software has a graphical user interface 
providing the opportunity to define user specific measurement configurations. 
2.3.2 Sensors 
 
Rod Probe sensor 
Campbell Scientific offers six soil probes that have different rod lengths allowing them 
to be used in different soil types and with different cable lengths. The probes consist 
of three pointed rods and a rugged head allowing installation in even difficult 
environments. Among the available six rod sensors (CS605-L probe, CS610-L probe, 
CS630-L probe, CS635-L probe, CS640-L probe, CS645-L probe), first two sensors 
has a probe length of 300 mm. The next two sensors have a length of the probe of 
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150 mm and the last two sensors are 75 mm in length. All the sensors allow 
measurements of MC and EC using suitable analysis methods. 
 
Among the six available sensors, CS605-L probe (Figure 2.8) is the most frequently 
used one in measuring water content of coarse grained materials. The free length for 
this three-rod probe (without length of the head) is 300 mm, with an individual rod 
diameter of 4.8 mm and spacing between the rods of 45 mm. The length of the sensor 
head is 108 mm with 90 mm probe offset. The major advantage of this probe is the 
usage of non-insulated metallic rods. Measurements taken with blank rods allow the 
direct calculation of the dielectric permittivity of the material surrounding the 
waveguide from the wave velocity (Whalley 1993), (Heimovaara and Bouten 1990), 
which can be determined using simple travel time analysis. 
 
 
Figure 2.8 CS610-L probe from Campbell Scientific 
 
 
Flat Ribbon Cable (FRC) sensor 
 
The FRC sensor was first introduced by (Scheuermann, Huebner et al. 2009) to 
investigate the moisture movement in an embankment model. The FRC sensors used 
in the presented study consists of three copper wires covered with polyethylene 
insulation as shown in Figure 2.9(a). The advantage of the FRC sensor is the reduction 
of the influence from the electrical conductivity on the wave propagation 
(Scheuermann, Huebner et al. 2009). This permits the use of the FRC sensor with 
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lengths of up to 40 m, if mean water contents are measured and 6 m, if the aim is to 
measure a profile of the MC (Stacheder, Huebner et al. 2005).  
 
 
 
Figure 2.9 (a) FRC cable consisting of copper wire with polyethylene insulation 
connected with co-axial cable, (b) equivalent circuit of an EM transmission line where 
V(x) and I(x) show the voltage and the current, and (c) capacitance model 
(Scheuermann, Huebner et al. 2009). 
The FRC connected with co-axial cable can easily be installed during construction. In 
order to identify the time dependent response of the sensor, the properties of the EM 
transmission line are measured by laboratory experiments or calculated by numerical 
methods based on the equivalent circuit of an infinitesimal section of a transmission 
line (Figure 2.9b).  
b 
c 
a 
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The equivalent parameters of the circuit are the series resistance R, inductance L, 
shunt conductance G and capacitance C. Both L and R parameters are assumed 
constant along the sensor, whereas C and G are dependent on the dielectric 
properties of the material surrounding the FRC sensor (Huebner, Schlaeger et al. 
2005). Variations of the capacitance are obtained from the capacitance model of the 
sensor shown in Figure 2.9(c) where capacitance C1 considers the influence from the 
permittivity of the surrounding soil, capacitance C2 takes into account the influence of 
the insulation between conductor and material surrounding the sensor, and 
capacitance C3 considers the influence of the insulation between the conductors. 
Variations of conductance G are obtained from TDR measurements in form of a 
voltage drop. Details of the FRC sensors and working principle can be found in the 
(Scheuermann, Huebner et al. 2009). 
2.3.3 Multiplexer and Data logger 
 
It is often required to quantity the dielectric properties of a soil body at multiple points 
over time. In order to fulfil that objective, an automated and multiplexed measurement 
system needs to be installed containing additional devices along with the TDR device. 
Multiple sensors can be incorporated with a multiplexer as shown in Figure 2.10. The 
TDR signal travels through the multiplexer and wave guide and is reflected back to the 
oscilloscope through the multiplexer.  
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Figure 2.10 Photographic view of the SDM8X50 8-Channel Solid State 50 Ω Coaxial 
Multiplexer 
 
The possible setup of an automated TDR measurement system is shown in Figure 
2.11 with the following components:  
1) 1 DC Power Supply (if required) 
2) 2 Data logger to measure and control data 
3) 3 Pulse generator TDR100 
4) 4 SDM8X50 Multiplexer  
5) 5 Environmental Enclosure (ENCTDR100) 
6) 6 TDR Multiplexer Cable (COAXTDR-L) 
7)    Conductor Cable supplied with the TDR200 and ENCTDR100 
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Figure 2.11 Set up of TDR system with Multiplexer and Data logger showing various 
components (https://www.campbellsci.com/sdm8x50 ) 
 
2.4 TDR data Analysis 
 
2.4.1 Interpretation of TDR Trace 
 
The reflected wave pulse obtained from the TDR measurements need to be further 
analysed to determine in situ soil parameters. (Klemunes Jr 1998) discussed 
elaborately in his study possibilities on how to interpret TDR measurements. He 
identified several ways to identify the most accurate approach in determining the 
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apparent length (La) or travel time from the TDR trace. The methods are named as (1) 
Method of Tangents, (2) Method of Peaks, (3) Method of Diverging Lines, (4) Alternate 
Method of Tangents, and (5) the Campbell Scientific Method. Among the five 
alternative methods, the first two methods were identified by the author as the most 
suitable and accurate ones. 
In both methods, two inflection points are identified on the TDR trace. The first 
inflection point (A) is located where the TDR signal enters from the coaxial cable to 
sensor while the second inflection point (B) occurs at the end of the sensor (Figure 
2.12 ).The horizontal distance between the two inflection points is the La value. For 
the method of tangents, first inflection point is obtained at the intersection of the 
horizontal and negatively sloped tangents whereas second inflection point is obtained 
at the intersection of the horizontal and positively sloped tangents (Figure 2.12). For 
the method of peaks, the first inflection point is obtained at the intersection of the 
positively and negatively sloped tangents whereas second inflection point is obtained 
at the intersection of the negatively and positively sloped tangents (Figure 2.13).    
 
Figure 2.12 Method of Tangents in interpreting TDR trace (Klemunes Jr 1998) 
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Figure 2.13 Method of Peaks in interpreting TDR trace (Klemunes Jr 1998) 
 
(Heimovaara and Bouten 1990) developed a computer program with a slightly different 
way in identifying the start and end points in order to interpret the TDR trace (Figure 
2.14) when a distinct peak at the beginning of the TDR trace is missing.  
 
Figure 2.14 Method of Tangents in interpreting TDR trace (Heimovaara and Bouten 
1990) 
Between the two methods, method of tangents has been chosen for this study 
because MATLAB code is developed to draw the tangents line automatically to obtain 
the travel time. Moreover, head correction is applied to obtain the travel time of the 
free sensor out of head. 
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It needs to be noted here that apparent length (La) is obtained from the TDR trace 
when the multiple reflections are drawn in distance domain. This distance is 
determined mostly within the device using a constant and assumed wave velocity that 
is usually two-third of the velocity of light for conventional coaxial cables (Figure 2.13 
& 2.13). The travel time (∆t) is obtained from the TDR trace when the reflection 
coefficients are plotted against time domain (Figure 2.14) which is the actual 
measuring domain. Multiple factors influence the final precision of the analysis of TDR 
traces that include extreme soil condition, such as mixture conductivity, salinity, and 
possibly temperature effects (Klemunes Jr 1998). Saline conditions in the soil can 
cause a low impedance in the TDR probes, which makes it impossible to identify the 
final inflection point in the TDR trace. 
 
2.4.2 Dielectric permittivity calculation  
 
The dielectric permittivity indicates how easily a material can become polarized by the 
imposition of an electric field on the material under test (Bhuyan, Scheuermann et al. 
2017). The dielectric permittivity of soils – as a mixture of the three phases solids, 
water and air – indicates the amount of volumetric moisture in the soil. Polarization 
occurs in substances composed of polar molecules, for example, water possessing 
permanent dipoles. The dipoles are randomly oriented when no external field is 
applied. However, when an external field is applied, the dipoles align themselves with 
the applied field and stores the energy described as the real part of permittivity. 
 
Non-insulated sensor 
 
The travel time (∆t) or the apparent length (La) between the two inflection points is 
directly correlated to the dielectric permittivity of the soil. For non-insulated probes, the 
dielectric permittivity can be calculated according to Equation 2.9 (Klemunes 1995) 
and Equation 2.10 (Topp, Davis et al. 1980). 
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Where the symbols have the following meaning 
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Ɛ = Bulk dielectric permittivity or simply permittivity 
∆t = Two way travel time between the two intersection points (sec) 
l = Length of sensor (not including head of probe) in meters 
La = Apparent length of the TDR trace. 
Vp = Assumed propagation velocity of the TDR wave 
c = Speed of light in vacuum = 3 x 108 m/s 
 
Insulated (FRC) sensor 
 
Both inductance (L) and resistance (R) are assumed to be constant along the sensor 
whereas capacitance (C) changes significantly. In order to calculate C from the TDR 
pulse, the velocity needs to be identified first from the known travel time and length of 
sensor (Huebner, Schlaeger et al. 2005) using Equation 2.11. The resulting C can be 
considered as the mean capacitance C(ε) depending on the dielectric permittivity (ε) 
and can be calculated with the known and constant impedance of the FRC sensor, 
that is L=7.56*10-8 for the FRC sensor.  
   
   
1
( )
* ( )
Length of ribbon cable
One way travel time
V Velocity
L C 
                      (2.11) 
The dielectric permittivity, ε can be calculated from the capacitance model defined in 
Equation (2.12) with known C(ε) where capacitances C1 = 3.4*10-12, C2 = 323*10-12, 
C3 = 14.8*10-12 (Farad/meter) are constant for a fixed geometry of sensor 
(Scheuermann, Huebner et al. 2009). 
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2.4.3 Volumetric water content (θv) calculation 
 
Soil as a mixture of solid particles, water and air has a dielectric permittivity ε that is 
constituted from the individual ε of the phases. With a dielectric permittivity of water of 
εW equals approximately 80, the water phase – quantified by the volumetric water 
content θv – dominates the dielectric permittivity of the soil mixture. Several 
approaches have been developed to create a relationship between θv and ε. 
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Cubic formula 
In the literature many empirical relationships between θv and ε can be found. (Topp, 
Davis et al. 1980) developed a general cubic relationship for a large variation of soil 
types. (Baran 1994) and (Ekblad and Isacsson 2007) developed cubic relationships 
specifically for crushed rock materials as used for pavements. The corresponding 
relationships follow Equation (2.13) with coefficients for the different models listed in 
Table 2.1(Hore-Lacy, Bodin et al. 2014). 
2 3
1 2 3
v a a a a
o
                               (2.13) 
Where ao to a3 are cubic equation coefficients and ε is the permittivity. 
Table 2.1 Cubic equation co-efficient for different models 
Reference Model ao a1 a2 (x10-4) a3 (x10-6) 
Topp (1980) -0.053 0.0292 -5.5 4.3 
Baran (1994) -0.0622 0.0238 -6.0 6.0 
Ekblad & Esacsson (2007) -0.0586 0.0250 -6.05 5.73 
 
Three phase mixing model 
 
Several researchers focused on the calculation of θv based on the permittivity values 
of the individual phases. (Lichtenecker and Rother 1931) proposed a simple three 
phase mixing model (Equation 2.14) to calculate θv with permittivities measured at a 
frequency of approximately 1GHz. In their mixing equation, they considered the 
permittivity of water and air as well as the porosity of the porous structure in order to 
obtain permittivity of the soil mixture. 
Ɛ = [θv. Ɛwα + (1 − n)Ɛsα + (n − θv)Ɛaα]
1
α                                                            (2.14) 
 
Where permittivity of water is Ɛ𝑤=81 for 250 Celsius (Kaatze 2005), of solid mineral 
grains, Ɛ𝑠 =4.5 and of air, Ɛ𝑎=1. 𝛼 is called a structure parameter which is nearly equal 
to 0.45 and 𝑛 is the porosity of the material. 
2.4.4 Electrical conductivity (EC) measurements 
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As already mentioned, Time domain reflectometry (TDR) can also be analysed for 
determining the bulk electrical conductivity (ECb) of soil (Dalton, Herkelrath et al. 1984, 
Dalton and Van Genuchten 1986, Topp, Yanuka et al. 1988). (Giese and Tiemann 
1975, Dalton and Van Genuchten 1986, Topp, Yanuka et al. 1988, Rhoades, Manteghi 
et al. 1989, Mualem and Friedman 1991, Persson 1997, Yu and Drnevich 2004, 
Friedman 2005) presented successfully approaches to measure the bulk electrical 
conductivity (ECb) of soil using the attenuation of TDR pulse e.g. caused by salinity. 
Dalton et al., 1986 demonstrated the basic mechanism of the attenuation of a TDR 
pulse due to the effect of salinity in the MUT (Figure 2.15), and Equation (2.15) was 
developed to measure the ECb using the ratio of the transmitted over the reflected 
voltage pulse (VT/VR) as shown in Figure 2.15. However, the proper estimation of VR 
can become quite difficult (Dalton and Van Genuchten 1986) while VT remains nearly 
constant for various ECb. 
 
Figure 2.15 Schematic presentation of step pulse in conducting and non-conducting 
medium, produced from (Dalton and Van Genuchten 1986) and a TDR trace with 
measures used in Eq. (2.8) for determining ECb 
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Equation 2.8 was revised by (Yu and Drnevich 2004) incorporating the concept of long 
term steady state voltage in lieu of VR. Moreover, (Yu and Drnevich 2004) removed 
the permittivity to improve accuracy and proposed Equation 2.16 for determining ECb. 
 
Figure 2.16 Definition of voltage level in reflected TDR trace (Yu and Drnevich 2004) 
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Where Vs and Vf are source voltage and steady state final voltage respectively; Lp is 
the length of the probe, Rs is the internal resistance of TDR device; do and di are the 
outer and inner diameter of the conductor respectively. 
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Chapter 3 METHODOLOGY and RESULTS 
 
 
This chapter provides some details of the methodology chosen for the presented 
research. Section 3.1 delivers first the metrology used in this including TDR devices 
and sensors. Subsequently, section 3.2 presents the calibration setup of the laboratory 
experiment developed in the frame of the thesis including the manufacturing of the 
calibration box, sensor arrangement in the box with soil sample as well as calibration 
of the sensors. Section 3.3 describes the physical properties of the soil sample 
including Atterberg Limits and proctor compaction test results. The main Section 3.4 
discusses the developed soil specific calibration functions providing the in-situ MC and 
density of the soil. The development of electrical conductivity equation in conjunction 
with the voltage normalization is discussed in this section as well. Finally, Section 3.6 
discusses the field instrumentation for the validation of the calibration functions. 
3.1 Metrology 
 
For deriving the relationship between soil state variables, such as MC and dry density, 
and dielectric permittivity, calibration measurements at well-defined conditions need 
to be conducted. Within this study, similar to compaction tests, soils with different 
moisture contents and compaction energies have been prepared in a chamber with a 
sensor. Figure 3.1 shows the arrangement of a typical set-up where the rod sensor is 
embedded in the soil within the calibration box and is connected via a co-axial cable 
to the TDR100 and a computer. Conventional TDR measurements have been 
conducted. Detailed information is available in the incorporated paper I. 
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Figure 3.1 TDR setup with rod probe sensor placed on the soil layer of a calibration 
box, pulse generator (TDR100) and computer 
 
3.1.1 TDR Devices 
 
The TDR device produces the EM pulse and also samples it. In this study, the 
commercially available devices TDR100 and STDR-65 (Sequid) are used in parallel in 
order to be able to reflect on the influence of the used device on the measurement 
results. It is seen that pulse originating from Sequid is sharper at the start and end 
point of the sensor compared to the pulse originated from TDR100 (Figure 3.2). This 
property helps to identify the travel time more precisely. Moreover, the extended wave 
pulse after the end of the sensor is sometimes needed to estimate the steady state 
voltage drop. In this case, more steady and stable pulse is obtained with less noise for 
the Sequid device rather than TDR100. Features of the TDR100 and SEQUID device 
have been presented in Section 2.2.2. In comparison to the TDR100 device, the 
SEQUID has a faster step rise-time (75ps) as well as higher time-base resolution 
(3.2ps) providing the excellent jitter-performance in combination (Thorsten Sokoll 
2011).  
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Figure 3.2 TDR measurements of a typical pavement material showing stability of the 
reflected pulse for the a) TDR100 b) STDR-65 pulse generator 
 
3.1.2 Sensors 
 
In this study, commercially available rod probe sensors were used for point-wise MC 
and density measurements. Flat ribbon cable (FRC) sensors were incorporated in 
order to investigate the material properties over a longer section. Finally, a large 
coaxial cell was developed with the aim to receive more detailed information on the 
frequency dependent dielectric behaviour of the material in the laboratory. 
Rod probe sensor 
 
The commercially available CS610-L probe from Campbell Scientific was frequently 
used in this study. The CS610-L probe is discussed elaborately in the Section 2.2.3. A 
short three-rod probe sensor was manufactured and calibrated in the laboratory with 
the aim to identify the EC of a highly saline soil. Figure 3.3 shows the photographic 
view of the three-rod probe sensor with the middle rod being insulated. The length of 
the coaxial cable is kept constant to 2 meter for the calibration as well as laboratory 
investigation in order to ignore the effect from the input lead. Free length and diameter 
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of each rod is 80 mm and 4.5 mm, respectively, with the clear spacing of 15 mm 
between the rods. 
 
Figure 3.3 Three rod-probe sensor with insulated middle rod 
 
FRC sensor 
 
The application of sensors based on FRC has several advantages. On the one hand, 
FRC sensors provide a more representative measurement of the MUT when long 
sensors are used. In order to present the same information content with point-wise 
measurements, several rod probe sensors would need to be applied. The length of 
sensors with uncoated rods is restricted to a maximum length of about 6 m for use in 
soils because of losses caused by the EC of the moist soil (Dalton and Van Genuchten 
1986, Scheuermann, Huebner et al. 2009). On the other hand, the advantage of FRC 
sensor is the reduction of the influence from the EC on the wave propagation 
(Scheuermann, Huebner et al. 2009). Measurements with sensors up to 40 m length 
have been conducted so far (Stacheder, Huebner et al. 2005). Figure 3.4 shows the 
FRC sensors of different lengths as 12 cm, 24 cm and 40.5 cm are used for the 
laboratory calibration using the calibration box manufactured in the laboratory whereas 
the width of the sensor is fixed to 6 cm. The reason for preparing the sensors of 
different lengths is to develop a calibration function independent of length using length 
normalization. The laboratory experiment shows that the value of reflected voltage 
decreases for increasing salinity as well as sensor length which is elaborately 
discussed in attached paper II. Additional FRC sensors have been manufactured for 
the field instrumentation as discussed in the Section 3.7. 
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Figure 3.4 FRC sensors of different lengths manufactured in the laboratory 
 
Large coaxial cell 
According to (Robert 1998), the dimension of the anulus of a coaxial calibration cell 
needs to be three times larger than the maximum particle size of a soil sample. One 
challenge for introducing a large coaxial cell is quantifying the dimensions of the 
Representative Elementary Volume (REV) of a calibration cell (Bore, Bhuyan et al. 
2017) with respect to the particle size of a coarse aggregate.  The coaxial cell is used 
for TDR measurements on the frequency domain using a VNA. On the one hand, this 
comparison allows some quantification of the accuracy of TDR measurements. On the 
other hand, the dielectric spectrum – which means the frequency dependent dielectric 
permittivity – contains more information which can be used for further analysis.  
Figure 3.5 (a) presents the cross-sectional view of a large coaxial cell showing the 
dimensions of the probe, sealing and feeding zone (providing a smooth transition from 
coaxial cable to coaxial cell dimension). The height and diameter of the probe section 
is roughly 208 mm and 152 mm respectively. This section is designed for allowing soil 
compaction between the inner and outer cell. The annulus between inner and outer 
cell is roughly 86 mm which is suitable for compacting and characterizing coarse 
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grained materials. A sealing ring is attached at the bottom of the inner cell in order to 
avoid ingress of moisture into the coaxial feeding line (Figure 3.5b). The whole setup 
is mounted on a stand in order to allow compaction of the material in safe and 
comfortable way (Figure 3.5c) and complete description is available in the 
incorporated paper VII. 
 
  
Figure 3.5 (a) Cross sectional view of a large coaxial cell showing the dimensions of 
the components, (b) inner and outer cell, (c) completed cell mounted on a stand 
3.2 Calibration Set-up 
 
Several calibration set-ups have been manufactured for the presented research. 
These set-ups have been used in the laboratory to implement calibration tests 
a 
b 
c 
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considering the length of the sensors as well as maximum particle size of a soil 
sample. Subsequently, set-ups consisting of a wooden box, PVC plastic box and large 
cylindrical tube are presented and discussed. 
3.2.1 Calibration box and sensor arrangements 
 
Wooden calibration box  
At the initial stage of laboratory calibration, a wooden box was constructed of 12 mm 
thick panels with the internal dimensions of 500 x 150 x 120 mm (length x width x 
height). For the investigations, the material was compacted within the calibration box 
in two layers with the sensor placed in between (Figure 3.6). The  EM field around the 
sensor does not exceed 25 mm (Suwansawat and Benson 1999) which means that 
the EM field remained well in the sample. Accordingly, the distance of the outer rod to 
the wall of the wooden box is also kept greater than 25 mm, which is enough taking 
into account the extension of an EM field around a sensor. However, one shortcoming 
of the set-up was that the wooden box probable of absorbing some moisture from the 
compacted sample which was assumed to affect the TDR measurements. Due to this 
limitation, this set-up was replaced by a box made of polyvinyl chloride (PVC). A 
complete description is available in the incorporated paper IV. 
 
 
Figure 3.6 Photographic view of the wooden calibration box showing arrangement of 
sample and two-ended FRC sensor 
PVC calibration box  
The second calibration box was constructed of 14 mm thick PVC panels with internal 
dimensions of 557 x 155 x 159 mm (length x width x height). The box was placed 
within a steel frame during sample compaction and removed from the frame prior to 
testing to avoid the influence of the frame on the imposed electromagnetic wave pulse. 
39 
 
As for the wooden box, the UBG material was compacted within the calibration box in 
two horizontal layers. To avoid an interference of the field with the ground surface and 
the bottom of the box, the layers of the test material need to be minimum 25 mm thick 
at top and bottom of sensor (Suwansawat et al. 1999). Because of that, material was 
compacted in three horizontal layers when the sensors were placed in two different 
layers maintaining a gap of 40 mm between sensors, and between sensors and 
ground surface of bottom, respectively (Figure 3.7 a,b&c). A complete description is 
available in the incorporated paper III, V & VI. 
 
 
 
Figure 3.7 Photographic view of the PVC calibration box showing arrangement of 
sample and (a) rod sensor, (b&c) FRC sensor 
c 
b 
a 
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Large Cylindrical tube 
For calibrating long FRC sensors, a long cylindrical tube was modified in the 
laboratory. The cylindrical tube is 2 m long with 30 cm diameter (Figure 3.8). The tube 
is equipped with inflow and outflow facilities, and it has been marked from σ1 to σ6 
from outflow to inflow direction to allow measurements in sections of equal spacing 
(Figure 3.8). The points are marked in the tube for the measurement of ECb using a 
short rod sensor. These measurements have been used for validating TDR 
measurements using FRC sensors. The tube is filled in two horizontal layers of fresh 
coarse sand, each having 8 cm thickness, placing the FRC sensor in between. A 
complete description is available in the incorporated paper II.The physical properties 
of the fresh coarse sand is summarised in Table 3.1 of Section 3.3.  
 
Figure 3.8 Long cylindrical tube partially filled with sand with marking σ1 to σ6 (points 
of ECb measurements by rod sensor) for FRC sensor calibration 
 
3.2.2 Travel time determination 
 
Among the available methods for obtaining the travel time from TDR measurements – 
as discussed in the Section 2.3 – the method of tangents is used in this study. An in-
house code “TDRmatch” was used for the analysis. The introduction of the tangents 
is done automatically in order to identify the initial and final inflection points (Figure 
3.9). The initial inflection or zero curvature point (point A) is found where the coaxial 
cable connects to the TDR probe.  
The beginning of the sensor in the TDR trace is identified by the first intersection of 
the tangents (point A) at the horizontal section of the TDR trace (signal within the 
coaxial cable) prior to the increase in voltage and the positively sloped tangent through 
the first inflection point. The final inflection or zero curvature point (point B) is located 
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at the intersection of the tangents drawn on both sides of the local minimum. The 
increase in voltage from this point onwards represents the total reflection at the open 
end of the sensor. The time difference between these two inflection points is referred 
to as total travel time. The same methodology is applied for obtaining the travel time 
from the TDR traces measured with FRC sensors. 
 
 
Figure 3.9 TDR trace analysis using TDRmatch by the method of tangents showing 
variation of a TDR trace with rod sensor; the inflection points are shown with black 
dots and the tangents are given in green for the beginning of the sensor and in red for 
the end of the sensor 
3.2.3 Sensor calibration 
 
The method of tangents, as presented in Section 3.2.2, does not sufficiently reflect the 
actual travel time as it also includes travel time of the EM wave travelling through the 
sensor itself as well as sensor head. It is rather assumed that the sensitive part of the 
probe starts at the peak of the signal after the first rise. Furthermore, the length of the 
cable used as input lead has a significant effect on the permittivity measurements as 
well, as it changes the input signal into the sensor while travelling along the coaxial 
cable (Logsdon 2000). In order to address effects of sensor head and cable, a probe 
specific calibration was conducted including the input lead of the probe of 25 m length. 
The CS610-L probe manufactured by Campbell Scientific was used in this series of 
A 
B 
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tests. Three different reference liquids covering a large range of values for the 
permittivity have been used for quantifying the travel time in the sensor head (Figure 
3.10). The actual permittivity of each liquid was measured using a Vector Network 
Analyzer (VNA) over a frequency range of 10 MHz to 1 GHz and considered the 
permittivity for 1 GHz which was then used to match with the travel times coming from 
the TDR measurements. The total travel time was determined using the tangent 
method with the first inflection point at the first rise of the signal in order to include the 
travel time in the sensor head as shown in Figure 3.9. The permittivity directly derived 
from that travel time using Equation 2.3 (Section 2.3.2) would result in a too high 
permittivity, as shown in Figure 3.9. In fact, the actual travel time t must be considered 
as the total travel time ttotal plus the travel time in the head thead and Equation 2.3 can 
be rewritten as the following 
2L
t
c

                     (3.1) 
t t t
total head
                     (3.2) 
Substituting ∆t in Equation (3.2) leads to a linear equation, which can be used with the 
measured total travel times and the actual permittivity values to derive the travel time 
in the head of the probe thead.  
 
 
Figure 3.10 Analysis for quantifying travel time in sensor head 
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The tangent method as shown in Figure 3.9 was applied to the TDR measurements to 
receive the total travel time ttotal. By plotting the ttotal versus the square root of the true 
permittivity (Figure 3.10), thead can be quantified and the sensor is calibrated. From 
this particular sensor calibration, it can be seen that the travel time for the sensor head 
thead is 0.6295 nS which cannot be neglected in the analysis of TDR measurements. 
 
3.3 Materials 
 
Unbound granular (UBG) pavement material 
 
The UBG road base material of Subtype 2.1 (DTMR 2015) was used as the test 
material in this study. The material originates from a quarry in South-East Queensland 
prepared to the C grading classification according to the UBG specification of the 
Department of Transport and Main Roads 2015 (DTMR 2015). The particle size 
distribution (PSD) is presented in Figure 3.11 showing that majority of the particle 
ranges from 0.475 mm to 10 mm. The sample has around 10% fines (less than 
0.075mm) and 60% belongs to the gravel fraction (greater than 1.5mm). The material 
was manufactured from a fine grained contact metamorphic source rock of hornfels 
origin. Primary mineralogy of the rock consists of 32 to 58% feldspar, 6 to 13% quartz, 
4 to 19% microcrystalline feldspar, 3 to 6% epidote and 1 to 4% calcite.  
 
Figure 3.11 Particle size distribution of the used representative road base material 
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The optimum moisture content (OMC)-maximum dry density (MDD) relationship and 
Atterberg limits were determined in accordance with the DTMR Material Testing 
Manual (DTMR 2015) (Figure 3.12). The OMC of the material is 7.9% with the MDD 
value of 2211 kg/m3. The test material has a liquid limit of 22.6%, a plasticity index of 
5.0% and a linear shrinkage of 5.0%.  
 
Figure 3.12 Result of Proctor compaction test with the representative material 
Coarse Sand 
Fresh clean sand was used in another set of experiments in order to develop 
calibration functions in measuring electrical conductivity using sensors made of the 
FRC. Figure 3.8 shows the cylindrical tube partially filled with fresh sand. The fresh 
sand has the physical properties as listed in the following Table 3.1. 
Table 3.1 Physical properties of the sand used in the experiment 
Soil Properties Values 
Texture  Dry sand 
Effective size (mm) 0.56-0.7 
Uniformity coefficient (mm) 1.25-1.5 
Moisture content (dry) <1% 
Bulk density (g/cm3) 1.5 
Specific gravity 2.5 
Material <75μm <1% 
Density (Saturated condition) (g/cm3) 2.05 
Moisture content (Saturated condition) 30% 
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3.4 Development of Soil Specific calibration models 
Typical road base material was specifically calibrated as the chosen material for a 
representative road base material for this study. Samples of this material were 
prepared in the laboratory considering the variation of MC and density. TDR 
measurements were then analyzed with the aim to identify the same soil 
characteristics and to develop soil specific calibration functions. Different types of 
sensors with multiple lengths were applied for this task. 
3.4.1 Sample preparation and laboratory experiment 
 
Proctor compaction test provides an OMC and the corresponding MDD of a soil 
sample as well as the compaction curve for a given standard compaction energy. 
Based on this curve, soil samples were prepared using the same compaction energy 
with the variation of gravimetric MC ranging from 50% to 100% of OMC keeping the 
dry density essentially constant, and the variation of density ranging from 85% to 100% 
of MDD keeping the MC essentially constant.  
 
Figure 3.13 Moisture and density data in conjunction with the Proctor compaction 
dataset 
Figure 3.13 demonstrates the MC and density dataset in conjunction with the data 
constituting the standard compaction curve. For the variation of the MC, the density 
was kept constant at around 2100 kg/m3, while the MC – as the gravimetric water 
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content – was set around 8% when the density was varied (Figure 3.13). Table 3.2 
illustrates the laboratory investigation results including the variation of MC as well as 
dry density. For both cases, VMC increases with increasing the MC or density. In this 
connection, one has to keep in mind that the gravimetric MC needs to be multiplied by 
the dry density divided the density of water to determine the volumetric MC. Whole 
information is available in suitable way in the incorporated paper I. 
 
Table 3.2 Parametric study with varying MC and dry density 
Laboratory Calibration Data 
Varying moisture content (Noborio, McInnes et al.) with constant dry density 
Sample 
Target 
MC 
(%) 
Achieve
d MC 
(%) 
% of 
OMC 
Achieved 
density 
(kg/m^3) 
Achieved 
dry density 
(kg/m^3) 
% of 
MDD 
Vol. MC 
(%) 
1 4 4.4 55.60 2183 2091 94.57 9.20 
2 5.3 5.1 64.56 2213 2105 95.20 10.74 
3 6.6 6.5 83.33 2240 2103 95.11 13.67 
4 7.9 7.8 98.73 2271 2106 95.25 16.43 
Varying dry density with constant moisture content (Noborio, McInnes et al.) 
Sample 
Target 
MDD 
(%) 
Achieve
d MC 
(%) 
% of 
OMC 
Achieved 
density 
(kg/m^3) 
Achieved 
dry density 
(kg/m^3) 
% of 
MDD 
Vol. MC 
(%) 
1 85 7.6 96.2 2030 1887 84.94 14.34 
2 90 7.8 98.7 2154 1998 90.23 15.58 
3 95 7.9 100 2272 2106 95.25 16.64 
4 100 8.1 102.5 2391 2212 100.3 17.92 
 
3.4.2 Density function with rod sensor 
 
TDR measurements were taken for each sample shown in Table 3.2. Primarily 
TDR100 was used in this study as a pulse generator. For each and every MC and 
density variation, TDR measurements were recorded as shown in Figure 3.14. The 
TDR trace significantly changes due to changes in MC and dry density in two distinct 
areas manifested as changes in the amplitude of the reflections. The TDR trace 
comprises of multiple reflections, dielectric dispersion as well as attenuation from the 
conductive loss of the soil surrounding the sensor and the cable resistance (Chen, Xu 
et al. 2009).  As a consequence, the TDR trace faces an initial voltage drop (Charlier, 
Hornych et al.) at the transition from coaxial cable to the sensor end due to impedance 
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mismatch. The long-term response of the TDR trace provides the voltage (Vf) when 
the reflected pulse is finally stabilized (Figure 3.14). Vs and Vf are recorded 
simultaneously with the implementation of TDR measurements while laboratory 
experiments were implemented (Table 3.3). The comparison between the results of 
TDR measurements confirms that Vs and Vf are proportional to changes in dry density 
as well as MC. 
 
Table 3.3 TDR data corresponding to laboratory calibration 
TDR Measurements data 
Varying moisture content (Noborio, McInnes et al.) with constant dry density 
Sample 
MC 
(%) 
Effective 
travel 
time, nS 
Permittivity 
Voltage 
drop, Vs 
Final steady 
voltage, Vf 
Vs/(1+Vf)* 
( /w b  ) 
1 4.4 5.79 8.38 0.2102 0.1976 0.0864 
2 5.1 6.34 10.05 0.2808 0.0638 0.1225 
3 6.5 6.53 10.66 0.3225 0.0202 0.1391 
4 7.8 7.07 12.50 0.3803 -0.1378 0.1844 
Varying dry density with constant moisture content (Noborio, McInnes et al.) 
Sample 
MDD 
(%) 
Effective 
travel 
time, nS 
Permittivity 
Voltage 
drop, Vs 
Final steady 
voltage, Vf 
Vs/(1+Vf)* 
( /w b  ) 
1 85 5.25 6.89 0.1473 0.4651 0.0460 
2 90 5.84 8.53 0.2366 0.2435 0.0859 
3 95 6.38 10.18 0.3004 0.0444 0.1284 
4 100 6.90 11.90 0.3566 -0.0972 0.1739 
 
Voltage drop information (Vs and Vf) are further utilized in developing a calibration 
function for determining the dry density. By plotting Vs/(1+Vf)*(ρw/ρb) named as voltage 
and density normalization versus the dielectric permittivity  the linear relationship of 
Figure 3.15 becomes visible providing the density calibration with Equation (3.3). With 
this equation, the density of road base material can be directly calculated once Vs, Vf 
as well as the dielectric permittivity  are obtained from TDR measurements.  
 
 / 1 * / 0.024( 8*  0) .1247Vs Vf
w b
                   (3.3) 
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Figure 3.14 TDR measurements showing variation of Vs and Vf for varying a) moisture 
content b) density of soil sample 
 
 
 
a 
b 
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Figure 3.15 Plotting of Vs/(1+Vf)*(ρw/ρb) versus dielectric permittivity  for developing 
the density equation (3.3) 
 
The voltage normalization part of the empirical Equation (3.3) is considered as the 
governing term affecting significantly the influence from density in the TDR 
measurements. However, (Dalton and Van Genuchten 1986) studied the changes in 
Vf for determining the electrical conductivity of the pore fluid. As a consequence, the 
usage of the voltage normalization directly in determining the density might be 
erroneous since the voltage normalization has a direct relationship with the electrical 
conductivity ECb. The issue has been addressed in the incorporated paper III. 
 
3.4.3 Revised Density function with rod sensor 
 
Incorporation of the electrical conductivity (EC) (Refer to paper III) 
 
This section demonstrates the substitution of the voltage normalization term in the 
empirical Equation (3.3) by the concept of the EC in calculating dry density. Laboratory 
experiments with water of different salinities have been conducted in order to develop 
a calibration function for determining the EC. Figure 3.16 shows the variation of Vs and 
Vf and the corresponding EC Equation (3.4) was developed: 
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Figure 3.16 Illustration of source voltage with final steady state voltage (Vf) obtained 
from the reflected TDR trace measured with the CS610-L probe for a variation of 
salinities. 
Incorporation of Temperature (Refer to paper III) 
Equation (3.4) was extended for the consideration of the effect of temperature (Figure 
3.17) showing that EC increases by 2.45% for an increase of each degree Celsius 
considering 25oC as a reference temperature (Equation 3.5). The revised EC based 
on temperature variation can be used to compare with available data. 
 
Figure 3.17 Observation of temperature effect with normalized EC values 
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1 0.0245 ( 25)
25
EC
T T
EC
oc
                     (3.5) 
Incorporation of STDR-65 pulse generator (Refer to paper III) 
Section 3.1.1 describes the quality of TDR trace produces from different TDR devices 
involving pulse generator and sampling oscilloscope. Figure 3.18 shows the very good 
quality of the TDR traces with stabilized steady state conditions captured with the 
STDR-65 device providing the opportunity to estimate voltage drop parameters (Vs, 
Vf) precisely. 
 
Figure 3.18 TDR trace and the corresponding voltage drop by STDR-65 device 
Development of revised density function (Refer to paper III) 
 
The incorporation of EC, temperature and STDR-65 device significantly improves the 
density calibration function (Equation 3.6) compared to the Equation (3.3). The percent 
error of the modified density function is only 0.65% while it was 1.6% in the previous 
model. The equation is applicable for typical road base material and sub-base soil, 
however, it should be extended to different soil types in future. The confining stress 
indirectly influences the calibration function through the density. 
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Figure 3.19 Plotting of ECb×(ρw/ρb) over permittivity 
 
3.4.4 Density function with FRC sensor 
 
Section 3.4.3 provides a detailed description of the methodology for obtaining the 
density calibration function using rod sensors. These functions can be successfully 
used for point-wise density measurements using rod sensors. However, for providing 
representative density information over a long segment in a road, the application of 
numerous rod sensors is time consuming and expensive. Therefore, the application of 
FRC sensors is suggested. FRC sensors of different lengths have been introduced in 
order to obtain a representative density information independent of sensor length 
(Paper V). Sample preparation and laboratory experiments were done according to 
the procedure described in Section 3.4.1. The placement of the FRC sensors in 
between soil layers during the experiments was implemented as explained in Section 
3.2.1 (Figure 3.6).  
Additional voltage drop parameters of the TDR measurements are considered for the 
STDR-65 device shown in Figure 3.20. A detailed description of the experiments is 
provided in the attached paper VI reflecting that voltage drop parameters change 
considerably for the variation of MC and density of the material as well as length of the 
FRC sensor. Plotting of voltage drop parameters against dielectric permittivity provides 
the basis for the development of a density function. 
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Figure 3.20 TDR traces showing voltage level as a reflection amplitude for (a) different 
MCs with constant density for a 24 cm sensor and (b) different densities with constant 
MC for a 12 cm sensor 
a 
b 
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Figure 3.21 Development of a calibration function correlating voltage and density 
normalization values over dielectric permittivity and sensor length data. 
 
The 2nd order polynomial regression model (Equation 3.7) provides the equation to 
calculate the bulk density of a typical road base material using voltage drop 
parameters, permittivity and sensor length. The main advantage of this method is the 
normalization of the sensor length in Equation (3.7) meaning FRC sensor within the 
range of considered lengths can be chosen to obtain the bulk density. 
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3.4.5 Volumetric Mater Content-Permittivity relationship 
 
VMC are obtained from laboratory investigations based on the measured gravimetric 
MC and the achieved dry density. For the particular dataset shown in Figure 3.22, the 
2nd order polynomial function shows the best fitting of the available MC and density 
data. The proposed calibration functions are evaluated in comparison with some 
established models from literature. This comparison is done in the form of a statistical 
analysis providing the correlation coefficient (R-square) and root-mean-square error 
(RMSE) between the new model of Equation (3.8) and the models from literature. For 
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this particular dataset, the new calibration function shows very good correlation with 
the solution of (Ekblad and Isacsson 2007) and fairly good correlation with the model 
of (Baran 1994) which were developed particularly for crushed rock materials. Since 
the (Topp, Davis et al. 1980) model was developed vor a variation of natural soil types, 
the proposed calibration does not fit very well in this case. The comparison shows that 
new model is applicable in calculating VMC from permittivity values. The same 
methodology is applied to obtain MC information with FRC sensors which are 
explained in detail in the incorporated paper IV, V and VI. 
 
Figure 3.22 VMC – dielectric permittivity relationship and comparison with reputed 
models from literature 
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3.4.6 Calculation of gravimetric MC (w) and dry density 
 
Once VMC ( v ) is calculated using the VMC-permittivity relationship of Equation (3.8), 
the gravimetric MC and dry density can be obtained using Equation (3.9). 
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3.5 Laboratory validation and comparison with established method 
 
A second set of experiments was conducted in parallel to verify the laboratory 
calibration obtained from the first set of experiments. For this particular dataset, Figure 
3.23 (a&b) illustrates the comparison of MC and density data between laboratory 
investigations and TDR measurements. In this study, 1-1 line as well as some parallel 
lines are drawn in order to visualize the range of error of the plotted data. Moreover, 
R-square and percent errors are calculated to check the accuracy of the new model 
(paper I). The same procedure is maintained for validating the laboratory developed 
calibration functions against measured data for rod sensors (paper I &III) and FRC 
sensors (paper V & VI). 
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Figure 3.23 Comparison of laboratory investigations with TDR measurements for (a) 
density and (b) gravimetric MC; and comparison of result to the presented study with 
the One-step method for (c) density and (d) gravimetric MC.  
 
The method presented by (Yu and Drnevich 2004) for determining soil MC and dry 
density – which was retitled afterward as One-step method – is compared with the 
new approach. Figure 3.23 (c&d) illustrates the comparison of the MC and density 
values between the newly developed method and the One-step method. Further 
statistical analysis is done as well to identify the correlation coefficient and percent 
error between the methods. Detailed information is available in the attached paper I. 
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3.6 A large coaxial cell for material specific calibration in frequency domain 
 
The objective of this particular study was to implement electromagnetic 
characterization tests in the frequency domain with the aim to compare them with the 
results from the TDR analysis and to receive some more detailed information that can 
be provided to other applications, such as Ground Pentrating Radar. A large coaxial 
cell was designed and manufactured to allow measurements with materials containing 
lage particle size. As a result of the measurements using the large coaxial cell, the 
complex dielectric permittivity of coarse grained materials is provided. Section 3.1.2 
presents the details of the coaxial cell including dimensions of the inner and outer cell 
with other available parts, such as sealing, probe and feeding zone. The unknown 
calibration parameters (sensor specific calibration) of the coaxial cell were obtained 
using liquids of known dielectric permittivity for example water, methanol and 
kerosene. Using the known dielectric permittivity of the material; complex dielectric 
permittivity, impedance, sensor length and loss factor of the individual parts of the cell 
for three zones of the cell, namely the sampling zone, sealing zone and feeding zone 
are determined using the Monte Carlo Markov Chain (MCMC) algorithm and optimized 
based on a Debye model. The equivalent circuit of the cell (Figure 3.24) shows these 
zones and the parameters that need to be estimated. With the unknown parameters 
are being estimated, the cell could be used for estimating the complex dielectric 
permittivity of the coarse grained material which is discussed in detail in the attached 
paper VII. 
 
Figure 3.24 Equivalent circuit of the cell showing unknown parameters 
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As a case study, the performance of the cell was examined using compacted coarse-
grained material with known moisture content and density. Figure 3.25 shows the 
overall presentation of the measurements setup showing coaxial cell and vector 
network analyser (VNA). Two models involving the frequency dependent complex 
permittivity were used in this study for implementing the material characterization. 
Firstly, a generalized dielectric relaxation (GDR) model was used for high frequency 
measurements on porous media to calculate the scattering function S11(ω), which is 
also measured with the VNA. Figure 3.26 shows a comparison of the measured and 
fitted S11(ω). Another model used for the forward modelling was the Advanced 
Lichtenecker and Rother model (ALRM) that involves the pore water conductivity and 
the MC of the sample. The scattering function S11(ω) obtained in frequency domain 
was further analysed for estimating bulk electrical conductivity as well. From the 
results, it can be seen that the optimized GDR model provides the better agreement 
between measured and fitted scattering function S11(ω), and as a result, it  provides 
a better estimate of the complex dielectric permittivity and the electrical conductivity. 
Paper VII provides further details of this study and the results of the measurements 
including a detailed discussion. 
 
Figure 3.25 Presentation of the measurement setup showing coaxial cell and VNA 
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Figure 3.26 Comparison of the measured and fitted scattering function S11(ω) using 
the GDR model for the coarse grained particle depending on frequency 
 
The measurements at the coaxial cell also involved TDR to allow a comparison 
between the measurement results. In Paper VII, only the results of the FDR 
measurements are presented and related to the state variables of the road materials 
involving MC and EC. The comparison between FDR and TDR measurements will be 
published in a separate contribution. 
The capability of the large cell to investigate the dielectric behaviour of materials 
containing large particles and the possibility to control the density of the sample makes 
this method extremely valuable for the electromagnetic characterisation of coarse 
grains soils. On the one hand, this information will help to improve the analysis of 
measurements using Ground Penetrating Radar. But, on the other hand, it will also 
offer the opportunity to better quantify density of the coarse grained material. 
3.7 Real road Instrumentation and field validation 
 
Within this study, two field sites have been instrumented with sensors. At site I, the 
sub-base and base layer of an existing road was equipped with rod sensors and FRC 
sensors as well as metallic plates for improving the reflection of GPR waves. Site II 
was a new construction of a road where also rod and FRC sensors have been 
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installed. Site selection and challenges along with the installation procedure are 
discussed in the following as well as in the attached papers I, III and VI.  
3.7.1 Road Instrumentation site I 
 
A new lane having 6.0 m width was constructed along the existing Cunningham 
highway at Warwick, Queensland. This additional lane was constructed to support a 
new parking spot for trucks named Fisher Park Truck stop (Figure 3.27). 
 
Figure 3.27 Location of Fisher Park Truck Stop  
 
Positioning of the sensors in the sub-base layer of the new lane is presented in Figure 
3.28. Rod and FRC sensors are placed in parallel to allow comparison between the 
in-situ characteristics of the soil. FRC sensors of different lengths (2m, 4m, 6m, and 
8m) were installed to identify the effect of sensor length in soil characterization. A 
minimum clear spacing of 0.5 m between sensors was always kept to avoid 
disturbances of the EM wave by neighbouring sensors. The co-axial cables as input 
lead were arranged together to the toe of the embankment and stored in a housing.  
 
The steel plate working as a wave reflector was placed at the same location to estimate 
in-situ MC by  using ground penetrating radar (GPR) (Muller, Bhuyan et al. 2016). In-
situ MC measurements obtained from TDR and GPR methods have been compared 
with satisfying agreement. TDR readings were taken during construction of the road 
and sampling to allow comparison between measured and estimated MC and density. 
Road 
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Figure 3.28 Road instrumentation with rod probe and FRC sensors in the sub-base 
layer of the Fisher Park Truck Stop  
Existing Road 
S
te
e
l 
6.0 m lane 
extension with 
existing road 
All coaxial cables are 
terminated at the toe of the 
embankment.  
 
RP 
Sensor 
FRC 
Sensor 
63 
 
In the base layer further at a slightly other location two more rod sensors and FRC 
sensors with 6m length were installed (Figure 3.29). Also there, TDR measurements 
were taken during road construction and sampling to identify MC and density at the 
time of construction. Details on the installation procedure are presented and discussed 
in the attached papers I, III and VI where the in-situ MC and density estimations from 
TDR are presented and compared with the field values. 
 
 
Figure 3.29 Road instrumentation with rod probe and FRC sensors in the base layer 
of the Fisher Park Truck Stop  
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3.7.2 Road Instrumentation Site II 
 
TDR sensors were installed in the subgrade of a newly constructed road as part of an 
ongoing National Asset Centre of Excellence (NACOE) (http://nacoe.com.au/) project 
in Australia. Under this project, the Gateway Upgrade North (GUN) project was 
commissioned in order to improve the level of road service for Brisbane. The sensors 
were installed in both, the shoulder and wheel paths, of the new road in order to be 
able to assess the transverse moisture distribution across the pavement (Figure 3.30).  
 
          
Figure 3.30 Road instrumentation plan with the possible layout of the sensors for the 
Gateway Upgrade North project 
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This primary concern of this study is to examine the effects of in situ moisture and 
density on the falling weight deflectometer (FWD) readings taken along this new 
section by the Austrailian Road Research Board (ARRB) in order to evaluate the 
pavement structural performance. 
The location of the sensors at chainage 1100(MCJ4) of the Gateway Upgrade North 
(GUN) project was selected with the contractor on site, including the location of the 
pit. The instrumentation site was excavated to a depth of 300 mm, and the sensors 
are placed on top of the excavated layer according to the plan given in Figure 3.30. 
Afterwards, the excavation was backfilled and compacted (Figure 3.31) and first TDR 
measurements are taken immediately. 
  
   
Figure 3.31 Instrumentation of the chainage 1100(MCJ4) of the Gateway Upgrade 
North (GUN) project, (a) and (b) excavation and sensor placement, (c) and (d) 
backfilling followed by compaction and pit arrangement. 
 
Initial measurements were taken on the day of the instrumentation (9th Feb 2017) with 
two measurements taken after some rainfall events. From the online climate data of 
a 
c d 
b 
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Bureau of Meteorology (http://www.bom.gov.au/climate/data), it can be seen that 
significant rainfall happened just before the further measurements were taken. For 
example, the nearest rainfall station is Toombul Bowls Club (040237- rainfall station), 
6.8 km away from the site area, Deagon QLD 27.33oS 153.06oE. Roughly, 60 mm 
cumulative rainfall happened on 20th Match 2017 and measurement was taken on 23rd 
March 2017 (Figure 3.32a). The corresponding MC measurement are presented in 
Figure 3.32. 
 
 
Figure 3.32 a) Rainfall data on March 2017 obtained from Bureau of Meteorology, b) 
Comparison of moisture measurements on three days at chainage 1100(MCJ4) of the 
Gateway Upgrade North (GUN) project  
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Field results of field measurements show a significant increase in moisture due to the 
rainfall in the project area. The moisture readings in the shoulder part of the road was 
clearly higher than the moisture in the inner and outer wheel area. FWD testing was 
implemented immediately before sealing the new pavement and TDR measurements 
were done in parallel to obtain field MC and density. Further FWD testing were 
scheduled after completing the sealing of the pavement. These data will be analysed 
in future to correlate the structural performance with the in-situ MC and density. 
3.8 Summary 
 
The methodology for determining is-situ MC and density with Rod sensor and FRC 
sensor was discussed. The results of the laboratory investigations and the 
observations at the field sites demonstrate the potential application of the new method. 
The comparison between calculated moisture and density data based on TDR with 
measured data either through sampling or using a nuclear gauge show a good 
agreement of with limited error. It will be the future task to further collect data in 
laboratory and in field to improve the performance of the presented method and to 
implement further field trials or large scale experiments with sampling campaigns 
under controlled moisture and density conditions to identify and quantify possible 
errors especially in the installation and performance of the analysis. A monitoring tool 
providing reliable moisture and density data will offer road authorities the opportunity 
to improve the management of roads especially under extreme moisture conditions. 
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Chapter 4 SUMMARY OF INCORPORATED PAPERS 
 
This chapter delivers the summary of the attached papers. Although, each paper has 
the background of research, literature review, research methodology, experimental 
investigation, data analysis and results sections presented step by step; they are 
summarized in this section in a concise manner in order to highlight the problem 
statement, the research objectives and the outcome of research.  
4.1 Paper I 
 
Objective: Development of methodology to estimate MC and Density with rod probe 
sensor using TDR method 
Bhuyan, H., Scheuermann, A., Bodin, D., Becker, R (2017). Use of Time Domain 
Reflectometry to estimate Moisture and Density of Unbound Road Materials: 
Laboratory Calibration and Real Field Investigation. Transportation Research Record 
(TRR): Journal of Transportation Research Board. No. 2655, 2017, pp. 71–81.DOI: 
10.3141/2655-10. 
The most significant state variable influencing the functionality of unbound granular 
pavement is the MC. With changes in MC, changes in density might be accelerated 
especially under cyclic loading with heavy vehicles. This paper introduces a new, 
accurate and robust method for the determination of in situ moisture content and 
density measurements using TDR method in combination with rod probe sensors.  
Typical road base materials were provided from the Department of Transport and Main 
Roads as well as the Australian Road Research Board (ARRB). Similar to compaction 
tests, soils with different water contents were compacted with different compaction 
energies in a calibration box manufactured in the laboratory. The rod probe sensor 
was placed in between the soil layers while soil was compacted. TDR measurements 
were taken for each MC and density variation and the corresponding TDR pulse are 
recorded. The reflected TDR pulse is analysed to obtain the travel time and following 
the dielectric permittivity of the materials. 
Volumetric moisture contents (VMC) obtained from these laboratory tests are plotted 
against permittivity values of the soil sample. The 2nd order polynomial regression 
model offers a relationship between VMC and dielectric permittivity. The obtained 
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model for a typical crushed rock soil sample is compared with well-established models 
from literature and a very good agreement was found. Subsequently, TDR signals 
were further analysed to identify the voltage drop parameters. It was found that voltage 
drop parameters show a linear relationship with the permittivity and the MC of the soil 
sample. This relationship was further exploited to develop a density calibration function 
by plotting the voltage and density ratios over the permittivity of soil sample. The 
relationship delivers 1st order regression model to calculate bulk density dependent on 
dielectric permittivity and voltage drop parameters. The results obtained from the 
developed calibration functions were compared with the laboratory data as well as the 
reputed One-Step method proposed by (Yu and Drnevich 2004) and a very good 
correlation (R-square =0.95) was found. The calibration functions were further 
compared with observations taken from a field site and a satisfying accuracy was 
found. 
The non-destructive method of measuring MC and density offers multiple 
opportunities, for example, for compaction control. Moreover, the method might be 
used in long term pavement performance monitoring with sensors installed in multiple 
layers of the pavement. In future, the method might be potentially used to monitor the 
density of the foundation of an infrastructure, such as for rail ways, roads and 
embankments. 
4.2 Paper II 
 
Objective: Determination of soil electrical conductivity with FRC sensor using TDR  
Bhuyan, H., Scheuermann, A., Mishra, P.N., Bodin, D., Becker, R. (2018). Flat 
Ribbon Cable Sensors for measurement of Soil Electrical Conductivity Using Time 
Domain Reflectometry. International Journal of Geotechnical Engineering. Taylor 
& Francis. http://dx.doi.org/10.1080/19386362.2018.1429703  
 
Naturally occurring salinization in Australia is predicted to increase considerably 
because of the land use pattern and climate change. Salinity causes huge decrease 
in the lifespan of road pavements. This paper describes the simplest way in 
determining electrical conductivity (EC) indicating the level of salinity using the TDR 
method employing the rod probe as well as FRC sensor in saturated sandy soil.  
70 
 
The EC of pore water or of a saturated soil is a strong indicator for assessing the salt 
concentration or salinity of the pavement materials. The EC influences the moisture 
and density measurement using electromagnetic methods as well. Commercially 
available conductivity meters are useful to measure directly the EC of water or any 
other watery solution. However, these tools are not very useful for measuring the EC 
of the water stored in the pore space of a soil. In this regard, the TDR method is a 
relevant and non-destructive way to measure pore water electrical conductivity (ECw). 
In order to investigate the EC effect on soil, a long tube experiment was conducted to 
calibrate rod probes as well as FRC sensor to measure ECw and the bulk electrical 
conductivity ECb .  
 
A rod probe sensor of 8 cm length has been calibrated in saturated sandy soil 
considering the variation of salinity and temperature. The calibration model was further 
adjusted to calculate the ECw using Archie’s Law. Afterwards, the modified model was 
used to develop a calibration function for the long insulated flat ribbon cable (FRC) 
sensor. A long tube has been designed and fabricated for laboratory investigations 
equipped with inflow and outflow facilities. The tube has been marked from σ1 to σ6 
(points of ECb measurements by rod sensor) with equal spacing from outflow to inflow 
direction. The tube was filled in two horizontal layers with fresh coarse sand, each 
having 8 cm thickness with the FRC sensor placed in between. Moisture and density 
of the fresh saturated sand showed a considerable variation along the tube. The 
salinity of the saturated sand was varied over a broad range in order to conduct and 
analyse TDR measurements. The reflected TDR pulse was analysed and a calibration 
function was developed based on measurements taken with RP sensor at the 
positions along the FRC sensor. Three sensors with lengths of 1.5 m, 1.0 m, and 0.45 
m were considered in the calibration procedure in order to allow a normalization of the 
calibration function considering the sensor length. The calibration functions were 
successfully validated against the measured ECw by EC meter and ECb values 
obtained from rod probe measurements. 
 
This study successfully demonstrates the effectiveness of the chosen sensor 
calibration procedure and the method to estimate ECw and ECb from TDR 
measurements. This non-destructive electrical conductivity monitoring method can be 
operated during pavement construction and the lifetime of the pavement. The system 
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would give representative remote real time measurements of EC and other information 
over the life span of a pavement. The real time data can be further used to evaluate 
the structural performance of the road. Future investigations are planned to calibrate 
the FRC sensor for the typical road base or sub-base material. 
4.3 Paper III 
 
Objective: Development of a Modified Laboratory Calibration function with Rod sensor 
and STDR-65 pulse generator in measuring density compared to Paper I 
Bhuyan, H., Scheuermann, A., Bodin, D., Becker, R. Soil Moisture and Density 
Monitoring Methodology using TDR measurements. Submitted at International Journal 
of Pavement Engineering. (Under Review) 
 
This paper introduces the substitution of the empirical function used in paper I by 
introducing the EC for estimating the density. In the empirical equation, voltage 
normalization of the TDR pulse is considered as the governing part affecting the 
density measurements. A laboratory set up was designed in order to develop an 
alternative formulation with the aim to generalize the role of the voltage normalization. 
From the experiments it was observed that voltage normalization changes significantly 
with changing the MC of the material. However, one needs to keep in mind that in case 
of a constant gravimetric MC, volumetric MC increases with increasing density of the 
material as the volumetric air content reduces.  
With this in mind, a regression analysis between the voltage normalization of the TDR 
pulse and the measured EC of the tested material was developed. The new EC 
calibration equation was compared with independent EC measurements taken with a 
rod sensor. The empirical equation developed in paper I was then modified using the 
concept of the estimated electrical conductivity (EC) for determining the density of road 
materials. The EC combined with the density normalization are presented against the 
dielectric permittivity or the gravimetric MC. The density equation is finally used for 
converting the volumetric MC to the gravimetric MC.  
The modified model works better for measurements taken in the laboratory as well as 
in the field. The new method of measuring in situ moisture and density of pavement 
materials is also successfully used for the long-term monitoring of the pavement 
characteristics. The possibility of implementing long–term monitoring of the hydraulic 
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and mechanic behavior of the pavement materials would provide the opportunity in 
predicting surface deformation or rutting of pavements. 
4.4 Paper IV 
 
Objective: Moisture measurements with FRC sensors using TDR  
Bhuyan, H., Scheuermann, A., Bodin, D., and & Becker, R. (2015). Soil moisture 
measurements using TDR along flat ribbon cable for estimating road performance. 
Proceedings of the 12th Australia-New Zealand conference on geo-mechanics. 
February 22- 25, Wellington, New Zealand. 
 
TDR measurements with rod probe sensor provide field moisture and density 
measurements at a particular point. For moisture and density observation that are 
representative for a larger road section many sensors would be required.  
To overcome this limitation of point-wise measurements, a new sensor based on a flat 
ribbon cable (FRC) that consists of three copper wires covered with polyethylene 
insulation has been introduced in this study. The sensor reduces the influence of 
electrical conductivity on the wave propagation which allows the use of FRC sensors 
with longer lengths. For example, the length of the sensor can be extended to 40 m, if 
mean values are to be measured and 6 m, if the measurement of a profile is expected.  
In order to develop a soil specific calibration function in the laboratory, FRC sensors 
have been manufactured. Initially, a 40 cm sensor was fabricated with the opportunity 
to measure from both ends of the sensor (for example A to B and B to A) by connecting 
coaxial cables from both end of the sensor. This both ended measurement technique 
would provide the possibility to improve the accuracy of TDR measurements and 
would allow the measurement of the profile of the moisture along the sensor. A 
calibration box was prepared in order to compact the material into the box at field 
condition with the sensor embedded in between the layers of the compacted soil. 
TDR measurements have been implemented with varying gravimetric MC of the 
sample and constant density of the sample. The travel time of the EM pulse was 
obtained using the tangents method, and the velocity of the EM wave was determined. 
The dielectric permittivity of the soil sample was calculated using the capacitance 
model for a fully insulated sensor.  
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By plotting VMC against dielectric permittivity, a soil specific calibration relationship 
was obtained. This relationship was further compared with some well-established 
models from literature. The new model shows a very good agreement with the well-
known models with suitable accuracy.  
The porosity of the compacted soil sample was compared with the dielectric 
permittivity and VMC in a three dimensional representation. It can be observed that 
VMC and dielectric permittivity increase with a decrease in porosity. Porosity 
decreases with increasing compaction energy as a consequence of the higher density.  
4.5 Paper V 
 
Objective: Density measurements with FRC sensors using TDR 
Bhuyan, H., Scheuermann, A., Bodin, D., Bore, T., Chen Z.  & Nguyen J. (2017). 
Introduction of flat ribbon cable (FRC) sensor for density measurement of road 
materials using time domain reflectometry (TDR). Proceedings of the 19th International 
Conference on Soil Mechanics and Geotech. Engineering (ICSMGE), Seoul, Korea. 
 
Material properties contributing to pavement performance are considerably influenced 
not only by moisture content but also the density of the material. In the post 
construction period, changes in density might be accelerated under cyclic loading 
especially when there is an increase in moisture caused by flooding or extensive 
precipitation. Although, plenty of studies focus on determination of in-situ moisture 
content using TDR, only very few studies emphasize on density estimation. 
Furthermore, many studies were limited to destructive testing providing information 
only at one time and one place of observation. However, this local measurement might 
not be representative enough for providing a complete picture of the condition of the 
road section, and several tests or sensors would be needed to be able to provide an 
overall view. Furthermore, one needs to keep in mind, that the interconnection 
between changes in density of unbound road materials due to cyclic loading in flexible 
pavements and the role of moisture has not been studied in detail yet. In the presented 
paper, laboratory investigations with FRC sensors are conducted aiming at the 
development of calibration functions for estimating density from TDR measurements. 
An important aspect in this connection is the independence of these functions from the 
length of the FRC sensor.  
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UBG pavement materials are used in this study for deriving the soil specific calibration. 
A laboratory calibration box was fabricated of 14 mm thick polyvinyl chloride (PVC) 
with internal dimensions of 557 x 155 x 159 mm (length x width x height). The UBG 
material was compacted within the calibration box in three horizontal layers. The 
sensors were placed horizontally in between layers with thicknesses of the top and 
bottom UBG layers of approximately 50 mm. In order to take into account the influence 
of the length of the sensor on the propagation of an electromagnetic wave, FRC 
sensors of three different lengths (12 cm, 24 cm, and 40 cm) were prepared. Short 
sensors (12 cm and 24 cm) were place in a single layer whereas the long one (40 cm) 
was place in a separate layer within the calibration box. 
Soil samples were prepared based on the material’s OMC and MDD and compacted 
in the calibration box. For the first set of measurements, the MC varied from 4% to 
10% keeping the density fairly constant. In the second set of measurements, the 
density ranged from 80% to 100% of maximum dry density keeping the gravimetric 
MC as constant as possible. In both cases, VMC increases with increasing gravimetric 
MC as well as dry density of the material. TDR measurements were taken during these 
test for every variation. 
TDR traces showed variations in voltage loss for every change in MC and density. 
Also for longer sensors, the voltage loss was larger than for shorter sensors. This 
observation highlights the influence from the sensor length on the overall voltage loss. 
Further analysis confirmed that the voltage drop has a linear relationship with the 
length of the sensor. 
Four parameters, namely voltage drop, densities of water and soil, dielectric 
permittivity of soil and the length of sensor were considered in developing the empirical 
calibration function. The plotting of voltage and density normalization against 
permittivity and sensor length provided a new calibration function with a good 
regression coefficient showing a linear relationship with the dependent parameters. 
The use of FRC sensors for measuring density of road materials is new and offers 
multiple potential applications in geotechnical engineering. Although, rod probe 
sensors are capable of measuring density at single points, the use of FRC sensors 
has the potential to provide a more representative average value along the length of 
the sensor. The calibration function was tested with another set of measurements 
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showing a satisfactory agreement between calculated and measured densities. In 
future investigations, FRC sensors will be installed in real roads and laboratory wheel 
tracker experiments to investigate their performance for transiently changing density 
conditions. Potentially, these sensors will provide useful information to optimize the 
management of roads and to minimize rutting. 
4.6 Paper VI 
 
Objective: Estimation of moisture and density with FRC sensors and STDR-65 device 
using TDR  
Bhuyan, H., Scheuermann. A., Bodin, D., Becker, R. (2018). Introduction of Flat 
Ribbon Cable (FRC) Sensor for In Situ Moisture and Density Measurement of Road 
Materials Using Spatial Time Domain Reflectometry (STDR, Laboratory experiment 
and Field Assessment. Transportation Research Board 97th Annual Meeting, 
Washington DC, United States, 7-11 January 2018. 
 
Paper IV focuses on moisture estimation of coarse grained materials using FRC 
sensor whereas Paper V focuses on density estimation of the same materials with 
FRC sensors. While paper IV introduces and discusses the use of a single FRC 
sensor, Paper V introduces FRC sensors of multiple lengths. For the both studies, 
TDR100 was used as a pulse generator with the TDR measurement curves being 
influenced by noise caused by high jitter. 
Considering the limitations of the TDR100, the Stabilized TDR-65 device was 
incorporated in the research in order to optimise the jitter as well as noise in TDR 
traces as mentioned in Section 3.1.1. It is observed that the TDR traces are smoother 
for the STDT-65 measurements with less disturbances compared to the TDR100. The 
stabilized TDR traces are definitely better suited to identify the voltage parameters for 
predicting and estimating the soil specific characteristics. 
The same laboratory setup was used as the one from Paper V. For the voltage 
normalization, the voltage source (Vs) was considered as an additional parameter in 
this study (Paper VI). By plotting the voltage normalization data for various MC and 
density combinations, it is seen that the voltage drop increases with increasing sensor 
length as well as MC and density of materials. A density calibration equation in the 
form of a 2nd order polynomial regression model is developed considering the voltage 
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normalization ratio, length of the sensor as well as the dielectric permittivity of the soil 
sample. The new calibration equation involves the sensor length as parameter and 
can therefore be used for other lengths of the FRC sensor for estimating the density 
of the soil. 
The revised method for estimating the density from STDR-65 measurements provides 
a better estimation of MC and density of road materials. The results were compared 
with the point-wise measurements taken with a rod sensor and with solutions using 
the well-established One-Step method (Yu and Drnevich 2004) and with results from 
(Bhuyan, Scheuermann et al. 2017). A monitoring tool involving this method would 
provide reliable moisture and density data and offer road authorities the opportunity to 
improve the management of roads especially under vulnerable moisture conditions. 
4.7 Paper VII 
 
Objective: Dielectric characterization of coarse-grained materials using frequency 
domain (FDR) analysis conducted with a large coaxial cell. 
Bore, T., Bhuyan, H., Bittner, T., Murgan, V., Wagnerand, N., Scheuermann, A (2017). 
A large coaxial reflection cell for broadband dielectric characterization of coarse-
grained materials. Measurement Science and Technology. 29 (2018) 015602 (14pp). 
https://doi.org/10.1088/1361-6501/aa9407  
 
The results obtained with TDR have been compared with the frequency-dependent 
dielectric permittivity measured using the FDR method. For this purpose, a novel one-
port large coaxial cell was designed and fabricated in the laboratory in order to 
characterize coarse grained materials with large aggregates up to 28 mm in size. The 
coaxial cell allows measurements over a frequency range from 1 MHz–860 MHz under 
controlled density and moisture conditions. The coaxial cell was built of copper tubes 
in a coaxial arrangement. The larger tube has an outer diameter of 152mm and the 
inner copper tube a diameter of 66 mm. The cell has a sampling height of 208 mm 
with independent with a feeding zone providing the geometric transition from the 
coaxial cable size to the cell size and a sealing zone to avoid water ingress from the 
cell towards the cable. Feeding zone, sealing zone and coaxial cell (sampling zone) 
need to be considered separately for developing a cell specific calibration. For the 
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actual tests, the soil sample was compacted between the inner and outer tube over 
the complete sampling zone starting from the sealing zone to the open end of the cell.  
In a first step, the coaxial cell was calibrated with standard liquids, namely water, 
methanol and kerosene. Using the known dielectric permittivities of these liquids, the 
complex dielectric permittivity, impedance, sensor length and loss factor of the 
sampling zone, sealing zone and feeding zone have been determined based on a 
Monte Carlo Markov Chain (MCMC) algorithm and a Debye model. Using the 
calibrated cell, the complex dielectric permittivity of any material including coarse 
grained material can be determined.  
As a case study, the performance of the cell was examined using compacted coarse-
grained material with known MC and density. Two models representing the frequency 
dependent complex permittivity of materials have been studied in this experiment. 
Firstly, a generalized dielectric relaxation (GDR) model was used for high frequency 
measurements on porous media. Second, an advanced Lichtenecker and Rother 
model (ALRM) was used involving the frequency dependency of the pore water 
conductivity in the mixing of the soil. The scattering function S11(ω) obtained with 
frequency domain measurements was the targeting function to be optimized with both 
approaches. From the results, it can be seen that the optimized GDR model provides 
a very good agreement between measured and optimized scattering function S11(ω) 
and as a result the complex dielectric permittivity and electrical conductivity obtained 
from the optimization represent a good estimate of the true parameters.  
The investigations were also accompanied by TDR measurements. However, in this 
paper, only the results of the FDR measurements and their relation to the state 
variables as MC and EC are presented. Because of the much larger information 
content, the better controlled boundary conditions and the well-defined electrical 
conditions (in terms of the extension of the electromagnetic field), the FDR method 
using a VNA as measurement device can be considered as the supreme investigation 
method for the laboratory. Results of these investigations are important to allow 
accurate measurements with other techniques, such as TDR or GPR. It is already 
possible to miniaturize VNA to a size which allows their application also in the field. 
The possibilities in monitoring soils will then be even more enlarged.  
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Chapter 5 CONCLUSIONS and FUTURE WORKS 
 
5.1 Conclusions 
 
The most significant state variable influencing the functionality of unbound granular 
pavement is the moisture content. Under the cyclic loading with heavy vehicle, there 
might be an accumulated surface deformation due to density changes within the 
pavement strongly influenced by changes in MC. This PhD study introduces a modified 
TDR based and robust method for the determination and monitoring of in-situ MC and 
density in combination with rod probe and FRC sensors.  
Commercially available methods or devices are capable of reporting MC and density 
in a limited range and in idealised conditions, e.g. form the surface for even surface 
conditions. Several commercially available measurement methods are presented and 
discussed with focus on EM methods for measuring field MC and density. The 
potential of these methods for applications in the laboratory and in the field are 
discussed, and it is concluded that none of these method would allow the monitoring 
of the sub-surface MC and density in a non-destructive way once construction is 
completed. Based on the results of the literature review, this study was aiming to fill 
the identified gap by developing a measurement procedure and to demonstrate its 
capability for monitoring MC and density of UBGM of a sub-surface layer with the 
prospect to improve the management of roads especially for extreme weather 
conditions. 
Existing commercial TDR rod probe (RP) sensors and sensors manufactured with a 
specialised flat ribbon cable (FRC) were calibrated including also the effect of the 
sensor head based on measurements with standard liquids of known dielectric 
permittivity. The first series of experiments conducted with these sensors on highly 
compacted road base materials provided permittivity-volumetric moisture content 
(VMC) relationship. The developed correlation corresponds very well with reputed 
models from literature. The statistical analysis reveals that the model developed for 
RP sensor provides a better correlation coefficient with lower percentage of error 
compared to the sensor built of FRC. However, a single FRC sensor in general offers 
a better estimate of permittivity-VMC relationship compared to a group of sensors of 
different lengths. 
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The analysis of TDR measurements with both sensor types was further extended by 
considering long and steady state TDR pulses in order to quantify the voltage loss. 
This voltage loss provides the possibility for determining the electrical conductivity 
(EC) of the material under test. Within this study fully insulated sensors in form of the 
FRC sensor was used for the very first time for quantifying the EC. The new EC 
calibration equation was compared with independent EC measurements, and a very 
good correlation (R-square =0.99) was found. The direct introduction of EC in the 
model of quantifying the density clearly improved the accuracy for laboratory as well 
as field measurements. 
Also for measurements with FRC sensors, the recorded TDR traces showed 
significant variations in voltage loss for every change in MC and density with the 
voltage loss getting larger for longer sensors. This observation was highlighting the 
influence from the sensor length on the overall voltage loss. Further analysis confirmed 
that the voltage drop has a linear relationship with the length of the sensor as well as 
MC and density. Based on this analysis a calibration function was developed for using 
FRC sensors of different lengths for determining both, the gravimetric MC and the dry 
density of a soil. 
The use of FRC sensors for measuring density and MC of road materials can be 
considered as the biggest innovation of the presented thesis. This method is 
absolutely new and offers multiple potential applications in geotechnical engineering. 
Although, rod probe sensors are capable of measuring density at single points, the 
use of FRC sensors has the potential to provide a more representative average value 
along the length of the sensor. The newly developed calibration function for FRC 
sensors was tested with another set of measurements showing a satisfactory 
agreement between calculated and measured densities. In future investigations, FRC 
sensors will be installed in laboratory WT experiments to investigate their performance 
quantifying the density change for the transient process of trafficking. Potentially, these 
sensors will provide useful information to optimize the management of roads and to 
minimize rutting. 
The preferred device used for TDR measurements is the TDR100 from Campbell 
Scientific. However, this device has certain limitations experienced during this study. 
Therefore, the Stabilized TDR-65 device was incorporated in the study in order to 
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optimise the jitter as well as noise in the measured TDR traces. It was observed that 
TDR traces are smoother for the STDR-65 measurements with less disturbances 
compared to the TDR100. The revised method for estimating the density from STDR-
65 measurements provides a better estimation of MC and density of road materials. 
The results were compared with point-wise measurements taken with a rod sensor 
and with solutions using the well-established One-Step method (Yu and Drnevich 
2004) and with results from (Bhuyan, Scheuermann et al. 2017). A monitoring tool 
involving this method would provide reliable moisture and density data and would offer 
road authorities the opportunity to improve the management of roads especially under 
vulnerable moisture conditions. 
Real roads were instrumented with rod probe and FRC sensors at different sites for 
measuring MC and density. The cable and sensor is very cheap costing of around 
AU$1.0 per metre, whereas the TDR or Sequid device is relatively expensive with a 
price of around AU$5000. Still the instrumentation system is manual and does not cost 
any money for collecting data. An additional automation system might require again 
around AU$5000 for multiplexer, data logger and power source in form of a battery. 
Analysis of first these sets of observations proves that the new method provides 
representative field data correlating to the weather conditions. For future applications, 
the data collection system should be automated and connected to a server for real 
time analysis. The field system is already used in parallel to analyse structural 
performance tests in form of FWD testing with MC and density measurements 
implemented.  
Further investigations involved a frequency-dependent EM method (FDR method) 
using a novel one-port large coaxial cell designed and fabricated for the use in the 
laboratory. The cell is capable of handling soils with large particle sizes as used as 
base layer of pavements. The FDR method provides a precise estimation of the 
electromagnetic material characteristics in form of the frequency dependent complex 
dielectric permittivity. Calibration functions have been developed for estimating the MC 
and EC from the dielectric spectra providing a better estimation of the soil parameters 
compared to the TDR method. Further experiments will be done in the future for 
estimating the porosity providing the opportunity to predict the density variations of 
near and subsurface geo-materials. Furthermore, measurements with this cell provide 
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the opportunity to calibrate and apply other electromagnetic methods for road 
performance testing, such as Ground Penetrating Radar.  
5.2 Contributions 
 
The main findings and outcomes of this study are: 
 Development of a noble method to investigate the MC and density of highly 
compacted UBG materials based on TDR measurements with commercial rod 
probe sensor. 
 Adaptation of insulated flat ribbon cables for the first time to quantify the MC 
and the density of UBG materials based on TDR measurements.  
 Development of a noble large coaxial cell to investigate the frequency 
dependent dielectric permittivity of UBG materials with large particle sizes.  
 Uncovering the real field instrumentation with flat ribbon cables and rod probe 
sensors for validating laboratory models and monitoring field MC and density.  
 Development of an experimental setup to investigate deformation 
characteristics of pavement materials with different MC and density conditions 
using large scale WT test.  
5.3 Future Works 
 
Along with the development as well as improvement of the methodology with TDR, 
numerous opportunities are still available for further investigation of the pavement 
materials and to develop performance based deformation models based on large scale 
laboratory WT experiments under controlled boundary conditions which might not 
possible in field. Future works would be focused towards physical applications not only 
for the monitoring of pavements, but also performance modelling of materials under 
cyclic loading as well as critical climate conditions as flash flood. 
With the development of the methodology – including hardware and analysis methods 
– allowing the in-situ observation of MC and density, numerous possibilities are 
opened up for investigating pavement materials and to develop performance based 
deformation models for pavements based on experiment under controlled boundary 
conditions. The automated measurement of moisture is still not a standard procedure 
within the management of roads and other similar infrastructure. With the presented 
work, the capability of the usually used electromagnetic methods was even extended 
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to the observation of the dry density, which is another governing state variable for the 
mechanical and hydraulic behaviour of granular pavement materials. The most 
innovative and novel outcome of the presented research is the further development of 
the use of TDR for measuring moisture and density with elongated sensors 
manufactured from flat ribbon cables (FRC). Based on this approach, future works 
would need to be directed towards concrete applications not only for the monitoring of 
roads, but also in materials testing. These testing results can then be used to further 
develop existing or to create new models allowing not only the estimation of the road 
performance due to assumed loadings, but also the prediction of the performance 
based on local observations of moisture and density. For this future endeavour, 
several tasks under the following headings need to be addressed: 
Metrology for electromagnetic measurements 
Although the use of FRC already reduces significantly the number of sensors to be 
installed in roads for receiving a complete picture of the condition, there is still a need 
to install sensors in various layers of a particular section of the pavement. An efficient 
monitoring of the pavement, the measuring system needs to be fully automated with 
the possibility to transfer data even from remote areas to a local server where they 
can be analysed automatically in real-time. Smart technologies already allow the 
efficient transfer of data, and further electrical components for power supply and 
controlling are available as well. However, monitoring systems based on TDR in 
combination with multiplexers requires high power consumption and is therefore not 
economic. Following steps are therefore suggested:  
 Development of a simple and smart sensor based on FRC for measuring 
dielectric permittivity and electrical conductivity.  
 Involvement of this sensor into existing smart networks for enabling the use of 
existing standards for data transfer. 
 Atomization of the analysis of the data and visualization for the end user. 
Monitoring of roads and testing of pavement materials 
An effective performance monitoring of pavements requires an improved 
understanding of the physical processes governing the observed state variables like 
MC and density. It is simply a question of minimizing the number of sensors used for 
monitoring the road and maximising the information gathered from the measurements. 
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At the same time, materials testing need to be adjusted to the future possibilities of 
measuring state variables and the potential need for parameters which are not entirely 
considered at the moment. In terms of the hydraulic and mechanical behaviour of 
unsaturated soil instantaneously, the soil water characteristic curve (SWCC) comes 
into mind. It will be a challenge in the future for the operators of the infrastructure such 
as pavements to prepare in the best possible way considering the potential influence 
associated to climate change. Future investigations should be taken into consideration 
towards the following topics: 
 Detailed investigation of the hydraulic and mechanical processes taking place 
in roads under the influence of partly saturated conditions. 
 Extension of material investigations taking also into account parameters 
required to assess unsaturated conditions and electrical parameters for 
enabling the application of electromagnetic methods for road investigation. 
 Development of models allowing the assessment and prediction of road 
performance based on measured MC and density. 
 Modification or development of testing procedures for investigating road 
performance involving measurement of MC and density. 
An important aspect in terms of road performance and material properties is to extend 
the existing concepts to the hydraulics and mechanics of unsaturated soils. In the 
following, works that have been started in the frame of the thesis are discussed 
showing the potential use of the developed methods in WT experiments. 
Consideration of unsaturated soil behaviour in pavement engineering 
Plenty of researchers for instance investigated pavement deformation due to loading 
cycle and stress level (Gidel, Hornych et al. 2001) (Werkmeister 2003), Werkmeister, 
Dawson et al. 2001). However, less attention is put on the influence of moisture or 
density change. For example, since pavement materials are usually at partly saturated 
conditions, the SWCC as the most important characteristic of an unsaturated soil 
needs to be quantified. But, this is still not part of the standard investigations of 
pavement materials. In the frame of the thesis, the SWCC was investigated in a mould 
at MC and density conditions resulting from a standard proctor compaction test (Figure 
3, Appendix A). The investigations are still ongoing and will be used for analysing 
Repeated Load Triaxial (RLT) Testings at unsaturated conditions on road pavements.  
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A large-scale laboratory wheel-tracking (WT) system (Figure 4, Appendix A) was 
commissioned by AUSTROADS for investigating the permanent deformation of UBG 
base and sub-base layer. This WT machine was designed by the IPC global (2012) to 
allow both, compaction and tracking with the same device.  
For these kind of investigations, AUSTROADS recommends slab dimensions for the 
sample of 700mm*500mm*300mm (length*width*height). The sample is usually 
compacted in layers of 100mm. For investigating the influence from MC and density 
on the deformation behaviour, RP and FRC sensors can be placed in middle of each 
layer (Figure 5, Appendix A) before the initial compaction. In the first stage of this 
study, base and sub-base materials as well as subgrade should be tested individually. 
In the subsequent stages, combinations of different pavement materials could be 
tested. The measurements in each layer would allow to quantify changes in density 
which become visible on the surface as an accumulated quantity in the form of 
settlements. Density changes come along with changes in the VMC, since the soil 
changes the total volume and assuming moisture is not lost. Therefore, it is imperative 
to measure both at the same location to be able to assess changes for example in the 
degree of saturation.  
 
The exciting opportunity of this investigation would be the possibility to vary hydraulic 
boundary conditions, for example to increase water table of the sample to simulate a 
flood or flash-flood event (Figure 6, Appendix A) or to implement some artificial 
irrigation simulating extreme precipitation events. For this purpose, modifications 
might be required. For example, porous stone plates would be used along the side 
wall of the mould for controlling the water movement. As shown in Figure 6 (Appendix 
A), WT tests could be conducted at various water tables within the specimen, and at 
different times after receding flood condition.  
 
This potential research avenue is expected to contribute to a better understanding and 
prediction of pavement surface deformation associated to the change of MC and 
density of the UBGM as a result flooded or inundated conditions. During these tests, 
the following aspects would be quantified in order to allow the development of suitable 
deformation models. 
 Quantification of the surface deformation of each layer of pavement considering 
the initial MC and density. 
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 Continuous monitoring of insitu MC and density while trafficking as well as 
changing water table of pavement layers simulating flood conditions. 
 Investigation of transverse moisture distribution of pavement and develop a 
damage model considering MC and density variation. 
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ABSTRACT 
Soil water content and dry density of unbound granular pavement materials are 
important properties for compaction control influencing to a great extent of pavement 
performance under cyclic loading. Under these loading conditions, increasing moisture 
content can accelerate significantly changes in density. Time domain reflectometry 
(TDR) is a method for measuring the moisture content and density of soils using rod 
probe sensors. This paper introduces new calibration functions for TDR 
measurements using rod probe sensors embedded in the soil. TDR measurements 
were taken in the laboratory for a typical road base material at two basically different 
conditions; at constant moisture content with different dry densities and at constant 
dry density with different moisture contents. In this study, a relationship between 
voltage drop occurring for the passage of an electromagnetic wave through the soil 
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and the bulk density is developed. The permittivity of the soil sample obtained from 
the travel time of TDR signals is used to calculate the volumetric water content. Finally, 
the gravimetric water content is obtained from the volumetric water content and bulk 
density relationship. For the validation of the calibration functions, rod probe sensors 
have been installed in a real road to obtain in situ moisture content and density under 
field conditions. Laboratory results indicate that the calibration functions are 
independent of moisture and density, and the field test shows the applicability of the 
method. The newly developed calibration functions allow for the monitoring of the long 
term pavement performance leading to a better understanding of the time-dependent 
evolution of for example rutting of roads.   
 
Keywords: TDR, Permittivity, Moisture content, Dry density, Calibration functions, Field 
Instrumentation.  
 
1 INTRODUCTION 
 
Moisture content and density are the most influencing factors of unbound granular 
materials (UGM) for estimating road performance. Every year in Australia, roads are 
damaged by heavy vehicles when the moisture content at unsaturated conditions has 
reached a critical value because of heavy rainfall as well as frequent flooding. When 
the moisture content increases, changes in density might be significantly accelerated 
under cyclic loading causing surface deformation of roads. 
Time domain reflectometry (TDR) is an electromagnetic measurement technique that 
has been used for many years for various purposes (1). It was originally used in 
telecommunication and for computer networks for localizing damages in long coaxial 
cables. Currently, it is widely used in civil and agricultural engineering for monitoring 
soil moisture and the localization of shear deformation in rock and soil. 
The investigations of Topp et al. (2) formed the basis for the application of TDR for 
moisture measurements of soils. He developed an equation for deriving volumetric 
moisture content from permittivity measurements independent of soil type and density. 
However, studies revealed that the relationship presented by Topp et al. (2) did not 
work well for organic and clayey soils (3). Only few researchers developed permittivity-
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moisture content relationships specifically for crushed rock aggregates used for 
pavements (4-6).  
The determination of density changes based on TDR measurements became only in 
the last decades a focus in studies. Siddiqui and Drnevich (7) developed a promising 
approach for measuring moisture content and density using TDR. They designed a 
rod probe sensor as well as a mould to quantify in situ moisture and density. Drnevich 
et al. (8-10) described the test procedure with a detailed outline for calculation of 
moisture and density that was accepted by ASTM in the year 2002 as a standard 
method for density testing in field (11). However, this method still requires the taking 
of a sample which is destructive and thus cannot be used for monitoring purposes. 
Yu et al. (12) presented a new method for determining soil water content and dry 
density using a single TDR measurement, which is an improvement over that 
described in ASTM D6780. This new method is based on simultaneous measurement 
of apparent dielectric permittivity and bulk electrical conductivity on the same soil 
sample. Finally, a one-step TDR method was developed taking temperature into 
account which was fast, accurate and safe for compaction quality control (12), but not 
for the long-term monitoring of changes in moisture and density.  
Drnevich et al. (13) originally developed a linear calibration relationship to calculate 
moisture content and density. In this method, moisture and density can be determined 
by obtaining only two soil specific calibration constants. For this method, it is not 
necessary to calculate separately electrical conductivity compared to the method 
suggested by Yu et al. (12). Crushed rock material, as usually used as road base, was 
not considered in determining the calibration constants. 
A new methodology for measuring moisture and density was suggested by Jung et al. 
(14). Voltage drop and density was normalized against permittivity, and a calibration 
function was developed to determine dry density directly. Gravimetric moisture content 
was determined using the approach by Drnevich et al. (15). In the method of Jung et 
al. (14), field moisture and density can be measured once the instrument is brought to 
the field, and a soil sample is excavated and placed in the mould. Monitoring of 
variations of density with changing moisture cannot be identified using this method. 
In this study, a calibration function is proposed to calculate the field density from TDR 
measurements which is independent of moisture and compaction energy for road base 
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material. Initial and final voltage drop associated with the passage of electromagnetic 
wave through the soil sample is considered as the main criteria to calculate field 
density. Volumetric water content is derived from permittivity values and the 
gravimetric water content is obtained based on the volumetric water content and dry 
density. Once sensors are installed in roads, the suggested approach allows the 
observation of variations of field moisture and dry density on a long term basis for 
evaluating the structural performance of roads. 
2 METROLOGY 
For deriving the relationship between water content and dielectric permittivity, 
calibration tests need to be conducted. Similar to compaction tests, soils with different 
water contents are compacted in a chamber with a sensor, which is used to measure 
the dielectric permittivity. Figure1 shows the arrangement of the set-up with the rod 
probe sensor in the calibration box connected via co-axial cable with a TDR 100 (pulse 
generator and oscilloscope) and notebook computer. The TDR 100 device produces 
an electromagnetic signal which travels first through the coaxial cable and then along 
the rods. At the end of the sensor, the signal is reflected and travels back to the TDR 
device. The so-called TDR trace, which is the time dependent reflection during the 
time of travel of the electromagnetic wave, is stored in the notebook computer. 
Because of the impedance mismatch at the transition from coaxial cable to sensor, 
part of an incident electromagnetic wave is reflected at the beginning of the probe and 
the remainder of the wave propagates along the sensor until it reaches the end, where 
the wave is completely reflected. The round-trip time or travel time, t of the wave, from 
the beginning to the end of the sensor, is measured using the TDR 100 device (16). 
2.1 Travel time determination 
There are numerous methods for determinng travel time from the TDR pulse wave 
(17). The method of tangents is selected in this study to get travel time from the 
measured TDR trace (Figure2). Detailed information on this method is available at 
Ekblad and Isacsson (5). The sketch of a typical TDR rod probe sensor is included in 
the Figure 2 to support the visualization the TDR trace, which is in fact measured in 
time scale. The initial inflection or zero curvature point (point A) is found where the 
coaxial cable connects to the TDR probe. This inflection point is located at the 
intersection of the horizontally sloped line prior to the increase in voltage and the 
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positively sloped tangent to the increase in voltage. The final inflection or zero 
curvature point (point B) is located at the intersection of the tangents drawn on both 
sides of the local minimum. The increase in voltage from this point onwards represents 
the total reflection at the open end of the sensor. For other electric boundary conditions 
(short or a 50 Ohm resistance) the reflection at this point looks different, which is not 
further discussed in this paper. The time difference between these two inflections 
points is referred to as total travel time. Since the free length of the rods, which means 
the length of the sensor in direct contact with the soil, is used for the analysis of the 
results, it is needed to quantify the travel time of the signal in the head only. Rod probe 
calibration together with the head correction of the sensor is shown in the next section. 
 
Figure 1 TDR setup with rod probe sensor placed on top of 40 mm soil layer in the 
calibration box, pulse generator (TDR100) and computer 
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Figure 2 TDR trace analysis by method of tangents showing variation of a TDR trace 
with rod sensor 
 
2.2 Dielectric permittivity (relative permittivity) calculation 
The dielectric permittivity indicates how easily a material can become polarized by 
imposition of an electric field on the material under test. A TDR device produces an 
electromagnetic wave which is travelling along the rods of a sensor and reflected back. 
The travel time (∆t) between the two inflection points at the transition from coaxial 
cable and sensor and at the end of the sensor minus the travel time in the sensor head 
is directly correlated to the permittivity of the soil. For non-insulated probes, the 
dielectric permittivity can be calculated using Equation (1). 
2
*
2
c t
l

 
  
 
                               (1) 
Where the symbols are the following 
Ɛ = relative permittivity (permittivity relative to the vacuum) 
c = Speed of light in vacuum = 3 x 108 m/s 
∆t = Two way travel time between the two intersection points (sec) 
l = Length of rod probe (not including head of probe) in meters 
 
A 
B 
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2.3 Volumetric water content (θv) calculation 
Since the permittivity of water is high compared to the permittivity of soil and air, the 
dielectric permittivity of the soils – as a mixture of the phases soil, water and air – 
indicates the amount of moisture in the soil. A literature review shows that there are 
numerous relationships available for calculating volumetric water content (θv) from 
permittivity (ε) based on TDR measurements. Topp et al. (2) developed a general cubic 
relationship for a large variation of soil types whereas Baran (4) and Ekblad and 
Esacsson (5) developed cubic relationships specifically for crushed rock materials as 
shown in Equation (2). 
2 3
1 2 3ov a a a a                (2) 
Where ao to a3 are cubic equation coefficients and ε is the permittivity. 
2.4 Rod probe sensor calibration 
The method of tangents, as presented in Figure 2, does not sufficiently reflect the 
travel time of the signal in the head of the sensor. It is rather assumed that the sensitive 
part of the probe starts at the peak of the signal after the first rise. Furthermore, as 
mentioned by Logsdon (18), the length of the cable used as input lead has a significant 
effect on permittivity measurements as well, as it changes the input signal into the 
sensor while travelling along the coaxial cable. In order to address these effects, probe 
specific calibration was conducted including the input lead of the probe of 25 m length. 
The sensor used in this series of tests was a CS610-L probe manufactured by 
Campbell Scientific. The free length for this three-rod probe (without length of the 
head) was 300 mm, with an individual rod diameter of 4.8 mm and spacing between 
outer rods of 45 mm. The length of the sensor head is 108 mm with 90 mm probe 
offset. Three different liquids covering a large range of permittivities have been used 
for quantifying the travel time in the sensor head (Figure3). The reference permittivity 
of each liquid was measured using a Vector Network Analyzer (VNA) over a frequency 
range of 10 MHz to 1 GHz which was used to match with the travel times coming from 
TDR measurements. The travel time was determined using the tangent method with 
the first inflection point at the first rise of the signal in order to include the travel time 
in the sensor head as shown in Figure 2. The permittivity directly derived from this 
travel time using equation (1) would result in a too high value, as shown in Figure 3. 
In fact, the resulting travel time must be considered as the total travel time and 
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equation 1 can be rewritten as the following 
∆𝑡 = (2𝐿√𝜀)/𝑐                                                            (3) 
Ttotal = ∆t + thead                                                             (4) 
Substituting ∆t in equation (4) leads to a linear equation, which can be used with the 
measured total travel times and the reference permittivity values to derive the travel 
time in the head of the probe thead. It should be kept in mind that the frequency range 
covered by TDR measurements can be different to the frequency band applied for 
getting the reference permittivity. However, it is assumed that the permittivity does not 
change significantly within the frequency range included in the TDR measurements.  
The tangent method as shown in Figure 2 applied to the TDR measurements of Figure 
3 to determine ttotal, and the head travel time thead used to determine ∆t termed as 
effective travel time (Ttotal - thead) and finally the permittivity obtained with Equation (1) 
improves the result of the TDR measurements significantly. From the sensor 
calibration equation in Figure 3, it can be seen that the travel time for the sensor head 
is thead = 0.6295 nS which cannot be neglected in the analysis of TDR measurements. 
 
Figure 3 Analysis for quantifying travel time in sensor head 
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3 MATERIALS AND METHODS 
3.1 Material 
The unbound granular (UBG) road base material of subtype 2.1 was used as test 
material in this research as an example for a typical road base material. The material 
was manufactured at a quarry in South-East Queensland to the C grading 
classification according to the MRTS05 (UBG specification, Department of Transport 
and Main Roads 2015) (19). The particle size distribution (PSD) is presented in Figure 
4. The sample was manufactured using a fine grained contact metamorphic source 
rock of hornfels origin. Primary mineralogy of the rock consists of 32 to 58% feldspar, 
6 to 13% quartz, 4 to 19% microcrystalline feldspar, 3 to 6% epidote and 1 to 4% 
calcite. The optimum moisture content (OMC)-maximum dry density (MDD) 
relationship and Atterberg limits were determined in accordance with the DTMR 
Material Testing Manual (20). The OMC of the material was 7.9% with the MDD value 
2211 kg/m3. The test material had a liquid limit of 22.6%, a plasticity index of 5.0% and 
a linear shrinkage of 5.0%.  
3.2 Calibration Box 
The laboratory calibration box was constructed of 14 mm thick polyvinyl chloride (PVC) 
with internal dimensions of 557 x 155 x 159 mm (length x width x height). The box was 
placed within a steel frame during sample compaction and removed from the frame 
prior to testing to avoid the influence of the frame on the imposed electromagnetic 
wave pulse. The UBG material was compacted within the calibration box in two 
horizontal layers. The electromagnetic field around the sensor does not exceed 30 mm 
(21), which is smaller than the distance of the outer rod to the wall of the box. To avoid 
an interference of the field with the ground surface and bottom of the box, the layers 
of the test material were chosen to be approximately 40 mm thick where the sensor 
was placed in between the layers.  
Bhuyan, Scheuermann, Bodin, Becker   Paper I 
 
 
105 
 
 
Figure 4 Particle size distribution of the road base material used as test material 
3.3 TDR measurements 
Table 1 shows two sets of experimental data with TDR measurements. The dataset 
shows gravimetric moisture content variation ranging from 4.4% to 7.9% keeping the 
dry density fairly constant, and density variation ranging from 85% to 100% of 
maximum dry density minimizing the variation in the gravimetric moisture content. For 
both data sets, volumetric moisture content increases with increasing gravimetric 
moisture as well as dry density. Moisture and density data are presented in Figure 6(a) 
together with results of the standard proctor test. 
The total TDR wave pulse comprises of multiple reflections, dielectric dispersion as 
well as attenuation from the conductive loss of the soil surrounding the sensor and the 
cable resistance (22). The whole TDR trace significantly changes in two areas with 
changes in the amplitude of the reflections. The ratio of reflected and transmitted 
voltage represents a reflection co-efficient (Vs) differs at the entrance of the sensor 
and the end of the sensor. The long-term electromagnetic response of the TDR trace 
is measured when the reflected pulse is finally stabilized (Vf). Both values are shown 
in Figure 5 (a) and (b) which are non-dimensional. Vs and Vf are recorded 
simultaneously with the measurement of the TDR pulse while laboratory experiments 
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are implemented. A comparison of the TDR measurement data in Table 1 shows that 
Vs and Vf are proportional to changes in dry density as well as moisture content. 
Table1 Laboratory calibration and TDR data 
Laboratory Calibration Data 
Varying moisture content (MC) with constant dry density 
Sample 
Target 
MC 
(%) 
Achieved 
MC (%) 
% of 
OMC 
Achieved 
density 
(kg/m^3) 
Achieved 
dry density 
(kg/m^3) 
% of 
MDD 
Volumetric 
water 
content (%) 
1 4 4.4 55.60 2183 2091 94.57 9.20 
2 5.3 5.1 64.56 2213 2105 95.20 10.74 
3 6.6 6.5 83.33 2240 2103 95.11 13.67 
4 7.9 7.8 98.73 2271 2106 95.25 16.43 
Varying dry density with constant moisture content (MC) 
Sample 
Target 
MDD 
(%) 
Achieved 
MC (%) 
% of 
OMC 
Achieved 
density 
(kg/m^3) 
Achieved 
dry density 
(kg/m^3) 
% of 
MDD 
Volumetric 
water 
content (%) 
1 85 7.6 96.2 2030 1887 84.94 14.34 
2 90 7.8 98.7 2154 1998 90.23 15.58 
3 95 7.9 100 2272 2106 95.25 16.64 
4 100 8.1 102.5 2391 2212 100.32 17.92 
TDR Measurements data 
Varying moisture content (MC) with constant dry density 
Sample 
MC 
(%) 
Effective 
travel 
time, nS 
Permitti
vity 
Voltage 
drop, Vs 
Final steady 
voltage, Vf 
Vs/(1+Vf)*( /w b  ) 
1 4.4 5.79 8.38 0.2102 0.1976 0.08646192 
2 5.1 6.34 10.05 0.2808 0.0638 0.12254382 
3 6.5 6.53 10.66 0.3225 0.0202 0.1391349 
4 7.8 7.07 12.50 0.3803 -0.1378 0.18447551 
Varying dry density with constant moisture content (MC) 
Sample 
MDD 
(%) 
Effective 
travel 
time, nS 
Permitti
vity 
Voltage 
drop, Vs 
Final steady 
viltage, Vf 
Vs/(1+Vf)*( /w b  ) 
1 85 5.25 6.89 0.1473 0.4651 0.04605553 
2 90 5.84 8.53 0.2366 0.2435 0.08597804 
3 95 6.38 10.18 0.3004 0.0444 0.12840592 
4 100 6.90 11.90 0.3566 -0.0972 0.17392926 
Note: Density of water, w =1000 kg/m
3 (assumed), b = density of soil 
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Figure 5 TDR measurements showing variation of Vs and Vf for varying a) MC b) 
density  
 
Development of calibration function using voltage drop for measuring density 
 
Knowing Vs and Vf from TDR measurements, Vs/(1+Vf)*(ρw/ρb) named as voltage and 
density normalization is plotted against the permittivity as shown in Figure 6(b) 
together with the obtained calibration Equation (5). Using this relationship, density of 
Vs 
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Vf 
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road base material can be directly calculated using Vs, Vf and permittivity values 
calculated from travel time measurements. Dalton and Van Genuchten (23) studied 
the changes of the Vf for determining electrical conductivity of pore fluid. Jung et al. 
(14) conducted some preliminary tests on different ASTM reference soils especially 
clayey soils and produced exponential calibration function for determining dry density. 
 
 
 
Figure 6 Moisture and density variation of road base material where a) shows proctor 
compaction curve with moisture and density data from Table 1 and b) shows calibration 
function derived from voltage and density normalization over permittivity together with 
calibration equation (5)  
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3.4 Calculation of density ( b ) 
From the calibration relationship, equation (5) has been obtained. Rearranging this 
relationship, fomula (6) for the bulk density can be obtained easily. 
 / 1 * / 0.024( 8*  0.12) 47w bVs Vf                       (5) 
 / 1 *
0.0248*  0.1247
w
b
Vs Vf 

 


                   (6) 
4 RESULTS AND DISCUSSIONS 
4.1 Volumetric Water Content-Permittivity relationship 
Volumetric water contents from laboratory calibration are plotted in Figure 7 against 
permittivity values from TDR measurements as shown in Table1. An additional set of 
data (named as 2nd data set) is added with a view to strengthening the proposed 
calibration function. 2nd order polynomial function shows the best fit of the moisture 
and density data shown in Figure 7. The statistical analysis provides R-square and 
root-mean-square error (RMSE) results of the proposed calibration with other models 
(4-5). The new calibration function shows very good correlation with Ekblad and 
Isacsson (2007) (4) and fairly good correlation with Baran (1994) (5) which were 
developed particularly for crushed rock materials. As the Topp (1980) model was 
developed independent of soil types, the proposed calibration for crushed rock is 
located far from the Topp (1980) model, which does not justify a comparison between 
these two models. The new developed calibration function is used in this study to 
calculate the volumetric water content from permittivity. 
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Figure 7 Volumetric water content - Permittivity relationship with established models 
4.2 Calculation of gravimetric water content ( ) and dry density ( d ) 
Once volumetric water content ( v ) using Equation (7) and density using Equation (6) 
are obtained, gravimetric water content and dry density can be obtained using 
Equation (8). 
20.0833* 3.1012* 8.3659v             (7) 
1
b
dv

   

   

                    (8) 
4.3 Laboratory validation and comparison with One-Step Method 
Another set of experiment was conducted to verify the laboratory calibration equation 
obtained from the first set of experiments. Figure 8(a) and 8(b) illustrate the moisture 
and density data obtained from laboratory as well as TDR measurements. Figure 8(a) 
shows the comparison of density values between laboratory observations and TDR 
measurements. Moisture data cross the 1-1 line although the density data lies above 
1-1 line. It means that TDR slightly underestimates the density compared to laboratory 
observations. Moreover, R-square and percent error indicate that the new method of 
measuring density can be considered as precise and reliable. 
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Figure 8(b) illustrates the comparison of the gravimetric moisture values between 
laboratory observations and TDR measurements. Although, density data tend to cross 
the 1-1 line, moisture data lies below the 1-1 line. It means that TDR slightly 
overestimates also the gravimetric moisture content compared to laboratory 
observations. Moreover, R-square and percent error indicate that the new method of 
measuring gravimetric moisture content is accurate and trustworthy. 
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Figure 8 Comparison of laboratory measurements with calculated TDR results for (a) 
density and (b) gravimetric moisture content, and (c) density and (d) gravimetric 
moisture content determined using the One-step method 
 
In order to compare the presented results from the suggested TDR method, results 
from recent studies have been reviewed. Jung et al. (14) presented the latest method 
for measuring moisture and density using TDR. Since their focus was put on fine 
grained soils without gravel content, their results could not be compared with the 
results of this study. Because of this reason, the one-step TDR method suggested in 
(12) has been used to compare the results between these two methods. In the one-
step TDR method, calibration constants are not fixed for a particular soil and rather 
constant values are used to determine a linear relationship. The calibration coefficients 
were determined for the same soil sample using the one-step method with a wide 
range of moisture and density data. Figure 8(c) and 8(d) demonstrate the comparison 
of density and moisture values between laboratory observations and the one-step 
method. Comparing the R-square and percent error values between the new 
calibration functions and the one-step method in Figure 8(c) and 8(d), it is clear that 
new calibration functions perform better than the one-step method. Moreover, the new 
calibration method is non-destructive and can be used for field monitoring purposes 
especially if the variation of density for changing moisture conditions under traffic 
loading is of interest. 
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4.4 Real road Instrumentation and field validation 
A new lane having 6.0 m width was constructed along the Cunningham highway at 
Maryvale, QLD-4370, and Australia. This additional lane was constructed to support a 
new truck parking place named Fisher Park Truck Stop. The sub-base layer, 325 mm 
from top (Figure 9a) and base layer, 175 mm from top (Figure 9b) of the new lane was 
instrumented with rod probe sensors and FRC (FRC) sensors. Within this study, only 
the rod probe sensors highlighted with circles are considered. A minimum clear 
spacing of 0.5 m between sensors was always kept to ignore the influence of 
electromagnetic wave. The co-axial cables connected to the sensors were arranged 
together to attach with the TDR100. Initial TDR readings were taken on 5th June 2015 
to identify moisture content and density at the time of construction of sub-base and 
base layers. Another set of TDR measurements was taken on 18th May 2016 when 
field gravimetric moisture content was measured by sampling the road layers at the 
monitored sections. Field density was measured by nuclear density gauge. 
  
 
2
0
0
0
2
1
0
0
2
2
0
0
2
3
0
0
2
4
0
0
1 2 3 4 5
D
en
si
ty
 (
k
g
/m
^
3
)
Sensor Location (1,2,3@ Base layer; 4,5@ Sub-base layer)
Calculated by TDR (May'2016) Measured Density (May'2016)
Calculated by TDR (June'2015) Measured Density (June'2016)
(c)
(a) (b) 
Bhuyan, Scheuermann, Bodin, Becker   Paper I 
 
 
114 
 
 
 
   
Figure 9 Road instrumentation using rod probe sensors at sub-base (a) and base layer 
(b), field observations and TDR measurement values for density (c) and field moisture 
(d) at the sensor locations, comparison of field moisture (e) and density (f) with TDR 
measurements. 
 
Figure 9(c) and 9(d) illustrate the comparison of field density and moisture with the 
TDR measurements respectively. TDR method shows relatively lower density values 
in both May 2016 and June 2015 compared to the field observations (Figure 9c). On 
the other hand, TDR method produced relatively higher moisture values in both 
measurements compared to the field moisture (Figure 9d). 
Statistical analysis is done to compare the results obtained from TDR measurements 
and field observation at the field site. Figure 9(e) shows that TDR method 
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overestimates the moisture compared to the field observation. In this case, moisture 
data lies below the 1-1 line. Although the R-square value is good, percent error is 
reasonably high. In case of density measurements, the opposite trend is observed. 
Figure 9(f) shows that TDR method underestimates the density compared to the field 
observations. Although, the density points fall above the 1-1 line, R-square and 
percent error are quite reasonable.  
A possible explanation for the observed difference is that air gaps or pockets might be 
formed in between the connection of rod probe and sensor head. Moreover, the 
variation may be due to small differences in material types, grading or other aspects. 
In addition, sub-base layer was constructed one month earlier than the base layer, 
however, measurements were taken same time on 5th June 2015 after completion of 
the base layer. Apart from that, one need to keep in mind that also nuclear density 
gauge is an indirect method which might not produce most accurate field 
measurements. Overall, field moisture and density decreases slightly in the year 2016 
compared to the previous year. It might have happened due to the moisture loss and 
an increased air gap. Due to lack of adequate field data, relationship is not quite 
significant. More field observations are needed in this case. 
5 CONCLUSIONS 
The most significant state variable influencing the functionality of unbound granular 
pavement is the moisture content. With changes in moisture content, changes in 
density might be accelerated especially under cyclic loading with heavy vehicles. This 
paper introduces a new, accurate and robust method for the determination of in situ 
moisture content and density measurements using TDR in combination with rod probe 
sensor.  
The permittivity-volumetric water content (VWC) relationship corresponds very well 
with the well-known established models from literature (4-5). Moreover, calculated 
moisture and density from TDR measurements provide good correlation with the 
results obtained from direct laboratory measurements.  
The one-step TDR method (12) works well for the data set provided in this study. 
However, the new method proposed in this paper outperforms the one-step TDR 
method. Once sensors are installed in the field, measurements can be taken at any 
time in any circumstances providing real moisture and density data which allow the 
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assessment of the performance of roads in situ. 
Results from a first field trial indicate the potential of the new method. The comparison 
between calculated moisture and density data based on TDR with measured data 
either through sampling or using a nuclear gauge show a good, but yet not satisfactory 
performance of the new method. It will be the future task to further collect data in 
laboratory to improve the performance of the presented method and to implement field 
trials or large scale experiments with sampling campaigns under controlled moisture 
and density conditions to identify possible errors especially in the installation and 
performance of the analysis. A monitoring tool providing reliable moisture and density 
data will offer road authorities the opportunity to improve the management of roads 
especially under extreme moisture conditions. 
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ABSTRACT 
Salt movement and accumulation within the subgrade, sub base or base materials of 
pavement is a major concern for practitioners and researches in the area of 
transportation geotechnics. Essentially because, it prompts damage to the thin 
bituminous surface layer causing weakening of bonding and cracking of the road 
surface. In this regard, the electrical conductivity (EC) of the pore water or saturated 
soil is a strong indicator of the salinity of the pavement materials. With this in view, this 
paper describes the electrical conductivity measurement using Time Domain 
Reflectometry (TDR) employing FRC (FRC) sensors of several lengths. This also 
enables a continuous measurement, and help to overcome the uncertainties 
associated with the point-wise measurements made by the conventional rod probe 
sensors. Calibration of the rod probe and the FRC sensors are depicted in detail in 
this paper, along with several calibration functions. It is expected from the study that 
the FRC sensors may particularly be useful in spatial monitoring of the state 
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parameters of the soil along long section of the pavement in a continuous and non-
invasive manner.  
 
Keywords: Electrical Conductivity, Time Domain Reflectometry (TDR), Rod Probe 
Sensor, FRC, Pavement Performance. 
 
1    INTRODUCTION 
 
Salts corrode and adversely affect the properties of bitumen, aggregate, concrete and 
brick structures (https://www.qld.gov.au/environment/land/soil/salinity/impacts/). 
Soluble salts damage bituminous road surfacing when dissolved salts migrate from 
the pavement layer materials, construction water or subgrade layer to the road surface 
(Obika 2001). According to a Queensland Government study, salinity causes huge 
decrease in the lifespan of road pavements when saline groundwater levels rise to 
within 2 metres of the pavement surface 
(https://www.qld.gov.au/environment/land/soil/salinity/impacts/). Capillary action 
assists in pulling the salt-laden water to the surface. Moreover, concentration of salts 
within unbound granular road pavements has been shown to cause damage to thin 
bituminous surfacing resulting in debonding, cracking and blistering (De Carteret et al. 
2010). Furthermore, high risk of dry land salinity in the form of dry-saline land or urban 
salinity with areas is predicted to become more than double over the next 40 years 
and therefore both rural and urban roads are vulnerable to the effects of amplified 
salinity (De Carteret et al. 2012). In addition, salinity-related damage and associated 
cost in repairing road pavements is predicted to increase significantly over the next 10 
to 40 years (NLWRA 2001). Salinity induced damage mechanisms are influenced by 
climate, hydrogeology, geology, material characteristics, and pavement-surfacing 
design with construction practice (Mallants et al. 1996). Usually, salinity corresponding 
to electrical conductivity greater than 500 – 1,500 μS/cm commonly hold a causal 
connection with damage to thin bituminous surfacing, depending on the type of 
surfacing (Dalton and Van Genuchten 1986).  
 
Electrical properties of geomaterials can be measured either in-situ or in laboratory 
(Sreedeep et al. 2004, Rao et al. 2007, Mishra 2015). These properties can be used 
for geomaterials characterisation (Mishra et al. 2016) and as an indicator of state 
parameters such as moisture content, packing density and so on. In this regard, 
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electrical conductivity measurements can be linked to the salinity of the pore fluid 
(Mishra et al. 2017), and variation in soil water salinity can be measured by monitoring 
the electrical conductivity of pore water in soil.  
 
The investigations done by Topp et al. (1980) formed the basis for the application of 
TDR to measure the electrical conductivity of soil as well as that of the pore water. 
Vanclooster et al. (1993) used TDR technique for investigating the movement of pore 
water in laboratory soil columns as well as field soil profiles. However, it is not easy to 
measure the electrical conductivity of pore water directly, justifying as to why, bulk 
electrical conductivity (ECb) is measured by TDR directly and subsequently, ECb is 
converted to pore water electrical conductivity (ECw) using the model developed by 
Archie (1942). Volumetric moisture content measurements by TDR method is shown 
to work even if the soil is rich in complex saline solution (Bonnell et al. 1991). 
Researchers claim that electrical conductivity of a bulk soil can only be measured for 
soil water electrical conductivity up to 8~10 dS/m using TDR (Scheuermann et al. 
2009). Furthermore, soil salinity status is one of the notable utilisation of TDR method 
for simultaneous determination of state and transport of water in soil in a non-
destructive manner (Malicki and Walczak 1999). However, preciseness of TDR 
technique for the measurement of electrical conductivity depends on the calibrations 
involved (Fellner-Feldegg, 1969). Dalton and Van Genuchen (1986) claimed a 
proportional relationship with attenuation of the amplitude of the reflected voltage 
pulse of TDR with increasing electrical conductivity of soil water. Based on attenuation 
analysis, they proposed the bulk electrical conductivity in terms of voltage level 
reflected from the end of the uncoated rod sensor. A serious limitation in the use of 
conventional uncoated rod sensor is the restricted length, which is limited to a 
maximum of about 300 mm for use in soils because of losses caused by the electrical 
conductivity of the moist soil (Bhuyan et al. 2017, Topp et al. 1980). In order to 
overcome this limitation, the FRC (FRC) sensors are introduced in this study. The FRC 
sensors consists of three copper wires covered with polyethylene insulation as shown 
in Figure 10(a). The advantage of FRC sensors is the reduction of the influence from 
the electrical conductivity on the wave propagation (Scheuermann et al. 2009),  which 
permits the use of FRC sensors  with lengths of up to 40 m, if mean moisture contents 
are measured and 6 m, if the aim is to measure a moisture profile ( Stacheder et al. 
2005).  
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With this in mind, this paper describes the procedure of measuring of pore water 
electrical conductivity using TDR. The rod probe sensors have been calibrated prior to 
the experiment considering the factors such as porosity, salinity and temperature. 
Following the probe calibration, ECb is obtained from TDR pulse of the saturated sandy 
soil and finally the ECw is calculated using ECb with the Archie’s relationship (Archie 
1942). Finally, a robust calibration function is developed to obtain the electrical 
conductivity along the long section of the FRC sensors using the information obtained 
from the rod probe calibration model. This noble calibration model can be used in 
assessing the real time electrical conductivity of a road section that eventually be used 
to evaluate the performance of the road. 
 
2    BASIC PRINCIPLES OF TDR 
 
The arrangement of TDR measurement system with three-rod probe sensor, co-axial 
cable, notebook computer and TDR 100 is presented in Figure1. TDR 100 produces 
electromagnetic (EM) wave, which travels through the co-axial cable and rod sensor 
to the medium. This EM wave returns to the system, and stored in the notebook 
computer. Because of the impedance mismatch of the cable and the probe, part of the 
incident electromagnetic wave is reflected at the beginning of the probe and the 
remainder of the wave propagates through the probe until it reaches at the end, where 
the wave is reflected. A sampling oscilloscope can measure the round-trip travel time 
t of the TDR pulse, from the beginning to the end of the probe (Drnevich et al. 2005). 
 
The ordinate of a TDR wavefront (Refer to Figure 2) shows the reflection co-efficient 
of the wave pulse, which is proportional to the energy of the generated signal verses 
travel time. The reflection co-efficient is obtained from the ratio of reflected voltage 
pulse to the transmitted voltage pulse from TDR measurements. Moreover, abscissa 
in Figure 2 shows the distance travelled by the pulse, which is converted to the time 
domain using MATLAB programme.  
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Figure 1 Photographic view of TDR measurements showing Laptop computer, pulse 
generator (TDR100) in middle and rod probe sensor with coaxial cable (right). 
 
Figure 2 Typical TDR pulse showing voltage gap between inflection points (Vi) and 
final steady state voltage from reference point (Vf ). 
 
The first peak of the wave pulse shows the initial inflection point where the EM wave 
enters the rod probe. Subsequently, the EM wave passes through the rod probe with 
losing part of its energy and reaches at the end of the rod probe, which is the lowest 
point of reflection. This point is termed as the second inflection point. Voltage gap 
between two inflection points is termed as initial voltage drop (Vi). Following that, the 
EM wave passes through the air and final steady state voltage (Vf) is obtained with 
Vf  
A 
Vi 
B 
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long measurements (refer to Figure 2). From this point onwards, voltage is constant 
and no energy loss happens theoretically. For every measurement, this process is 
iteratively performed to obtain and analyse TDR results.  
3  LABORATORY CALIBRATION 
Factors affecting bulk electrical conductivity of soil (ECb) comprise porosity, pore water 
arrangement, surface conductance and temperature (Friedman 2005). Dalton et al. 
(1984) proposed a model to calculate ECb using TDR wave pulse of different levels 
which are not easy to measure. Moreover, their proposed equation is compiled with 
the permittivity value, which is an additional source of error and complexity of 
calculation. Drnevich et al. (2004) proposed a model for measuring ECb using TDR 
wave pulse of source and final voltage level which are relatively easy to measure. 
However, the proposed equation has no clear direction for calculating ECw. In addition, 
the model was developed without considering the effect of temperature. Although, the 
revised methodology considered temperature in one-step method later on, uncoated 
sensor was still the limitation for the extension of sensor length. Moreover, the method 
was destructive and needed to excavate the soil while measuring the electrical 
parameters of the soil. 
 
 
 
a 
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Figure 3 (a) Variation of TDR pulse for conducting (salt water) and non-conducting (air 
and deionized water) medium and (b) the corresponding linear regression model for 
estimating EC using rod sensor. 
With this in view, rod probe sensor has been calibrated considering conducting 
medium (saline water) and non-conducting medium (air, distilled water). No significant 
energy loss could be noticed in the non-conducting medium of the transmitted TDR 
wave pulse as presented in Figure 3(a). However, substantial energy loss is observed 
in the conducting medium of the transmitted TDR wave pulse. In this experiment, 
three-rod probe sensor having a middle insulated rod is used. Free length and 
diameter of each rod is 8 cm and 4.5 mm respectively whereas clear spacing among 
the rods is 15 mm 
3.1  Effect of Salinity 
Salinity of a medium has a significant impact on the computation of electrical 
conductivity. Figure 3(a) shows the TDR measurements done in saline solution of 
different concentration, where ratio of voltage drop parameters termed as reflection 
co-efficient (Vi,Vf) decrease significantly with increase in salinity. In the calibration 
process, probe geometry, for instance, number and spacing of rod probes are kept 
constant. Length of the sensor is maintained at 8 cm. However, it can be extended up 
to 30 cm. From the linear regression analysis (Figure 3b), the following calibration 
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Equation (1) is derived to predict EC based on ratio of voltage drop parameters 
attributed to salinity.  
1
( / ) 0.3003 0.8346
f
p
i
V
EC mS cm L
V

      (R2 = 0.99, RMSE = 0.13)        (1) 
where, Lp is the length of probe in centimetre. Usually, the EC value is referenced and 
measured at 250C, and referred as EC25oC 
 
3.2  Effect of Temperature 
 
To understand the influence of temperature, salinity of the pore fluid is kept constant 
(0.02 mole/litre), while temperature was increased at a rate of 5oC stepwise, from 25oC 
to 65oC. TDR measurements are taken accordingly in each step of temperature 
increment (Figure 4), and voltage drop parameters are estimated accordingly to 
evaluate the electrical parameters as discussed in the previous sections. Figure 5 
shows the normalized electrical conductivity against the temperature, and the effect of 
temperature on EC is obtained from the linear regression analysis (Equation 2). 
 
 
Figure 4 TDR pulse considering the variation of temperature  
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Figure 5 Effect of temperature on electrical conductivity (EC)     
 
25
1 0.0245 25
o
oT
C
EC
T C
EC
     (R2 = 0.98)           (2)  
It means that electrical conductivity increases by 2.45% for the increment of each 
degree of temperature when reference temperature is set to 25oC. 
3.3  Rod Probe Calibration Model 
Taking into consideration both parameters as salinity as well as temperature and 
rearranging Equation 2, calibration model for rod sensor is developed (Equation 3). 
 
 25 25( / ) 0.0245 25o o
o
T C C
EC mS cm EC EC T C     
 
      (3) 
 
Here TEC  is the electrical conductivity at any temperature (T). First part of the equation 
characterizes the EC value at 25oC and second part represents the adjustment of EC 
values obtained at a temperature other than 25oC. 
3.4  Laboratory Validation 
To validate this laboratory developed sensor specific calibration equation, NaCl 
solution having salinity 0.003 to 0.04 mole/litre has been prepared. For each salinity 
mentioned in Table 1, TDR wave pulse were recorded and analysed. Temperature 
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data were taken simultaneously as well. Table 1 summarises the voltage drop 
parameters and compares the electrical conductivity measurements obtained from 
TDR analysis and EC meter.  
 
Table 1: TDR analysis data for different salinity 
 
NaCl 
(mole/L) 
Vi Vf 
Temperature 
(oC) 
Calculated 
EC by TDR 
(mS/cm) 
Measured EC 
by EC meter 
(mS/cm) 
0.003 0.31 0.87 25.2 0.4017 0.325 
0.005 0.30 0.83 24.8 0.6231 0.570 
0.01 0.33 0.71 24.2 1.1539 1.110 
0.02 0.34 0.53 24.7 2.0796 2.188 
0.04 0.38 0.21 24.7 3.5733 4.287 
 
 
Figure 6 Comparison of measured EC with calculated EC by TDR (rod sensor) 
 
Observations between calculated and measured values shows that calculated EC by 
TDR is higher than the measured EC for lower concentration and the trend appears 
opposite for higher concentration. Energy loss happened on the reflected TDR pulse 
is not linearly proportional with the saline water concentration. Moreover, couple of 
experimental issues might be reasoned for the variation as well. (i) lack of proper 
estimation of voltage drop parameters from TDR measurements, (ii) influence zone of 
the EM wave around the sensor might have little variation on the variation of saline 
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water concentration, (iii) additional length of the rod sensor (offset at the sensor head) 
might affect the preciseness of the TDR pulse for the variation of submergence of 
sensor head in the saline water, and (iv) fluctuation of the reading from thermometer 
and EC meter might affect the results. Finally, calculated EC values from the TDR 
measurements are compared with the measured values from EC meter, and were 
found to be statistically well correlated (R2=0.99) as shown in Figure 6. Moreover, the 
calculated values showed good agreement with the measured values with limited 
inaccuracy (RMSE = 0.15).  The laboratory developed EC equation is used in this 
study to calibrate the long FRC sensor satisfactorily. 
 
4  MEASUREMENT OF PORE WATER ELECTRICAL CONDUCTIVITY 
 
Commercially available conductivity meters are useful to measure directly the 
electrical conductivity of water or any solution. However, these are not very useful to 
measure the electrical conductivity of the water stored in the pore spaces of soil. In 
this regard, TDR method is a relevant and non-destructive way to measure pore water 
electrical conductivity (ECw). 
 
Calibration model (Equation 3) is suitable to measure electrical conductivity of water 
(ECw) or the saturated soil (ECb). However, this bulk electrical conductivity (ECb) can 
be converted to pore water electrical conductivity (ECw) using Archie’s (1942) model. 
He proposed a simplified empirical relationship equation (4) for water-saturated soil 
and rock where ECb is a function of ECw, porosity (n) and degree of saturation. 
( / ) mb wEC mS cm EC n            (4) 
Where n is the porosity and m is the empirical exponent. Equation (4) can be 
rearranged to the following: 
( / ) mw bEC mS cm EC n
            (5) 
ECb in Equation (5) can be calculated using calibration Equation (3). To estimate n 
and m, which are unknown in Equation (5), a simple laboratory setup was employed. 
4.1  Calculation of Porosity (n)  
Porosity is defined as the fraction of volume occupied by the voids. Referring to this 
definition, porosity is estimated using a simple laboratory measurement. A beaker of 
known volume (Figure 7) is filled up with fresh sand from a free fall height of 0.5 m. 
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Following which, water is added to make the sand saturated. From the above, porosity 
is determined as the ratio of amount of water added to the volume of dry sand. (Volume 
of water is calculated assuming its density to be 1 gm /cm3 ignoring anomalous 
expansion of water). 
 
 
Figure 7 A typical laboratory experiment in calculating porosity and empirical exponent 
 
4.2  Calculation of Empirical Exponent (m)  
 
Table 2 summarises the data used in calibrating the empirical exponent. Saline water 
of known NaCl concentration is uniformly mixed with dry sand until the sample is 
saturated. Rod probe sensor is inserted into the saturated soil (Figure 7) and ECb is 
obtained from TDR analysis (Table 2). 
 
Table 2: Calculation of empirical exponent (m) from known porosity (n) 
 
NaCl 
(mole/L) 
ECb by 
TDR 
(mS/cm) 
Porosity 
(n) 
ECw by 
TDR 
(mS/cm) 
Calculated ECw = 
ECb*n^-1.73 
(mS/cm) 
Measured ECw 
by EC meter 
(mS/cm) 
DI Water 0.371 0.377 2.06 2.045 2.00 
0.005 0.550 0.374 2.98 3.063 3.20 
0.01 0.641 0.375 3.45 3.555 3.70 
0.02 0.878 0.373 4.52 4.929 4.90 
0.04 1.246 0.373 7.00 6.996 7.12 
0.08 1.885 0.375 10.3 10.49 10.8 
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Figure 8 Estimation of empirical exponent (m) using ECb and ECw information 
 
 
Figure 9 Comparison of measured ECw with the calculated ECw by Archie’s Law 
  
Following that, pore water is extracted from the saturated soil and ECw is measured 
for each concentration of NaCl solution by the EC meter. Obtained ECb values are 
plotted against ECw in Figure 8 and the Equation (6) is developed based on linear 
regression analysis. Slope of the Equation (6) indicates the porosity raised to the 
empirical exponent ( mn ) as per Equation (4). From the obtained slope, empirical 
exponent (m) is calculated from the known porosity (n). 
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( / ) 0.183b wEC mS cm EC            (6) 
 
Therefore, for the saturated coarse sand with porosity around 0.375, empirical 
exponent (m) is 1.73 as shown in the Table 2. Finally, the Equation (6) can be re-
written for saturated sandy soil as the following 
 
1.73( / ) 0.375EC mS cm EC
w b
           (7) 
 
To validate the relationship, calculated ECw has been plotted against measured ECw 
and the points are superimposed on 1-1 line (Figure 9). Moreover, calculated values 
are fitted well (R2 = 0.9992) with measured values with fair degree of accuracy (RMSE 
= 0.16). 
The model has been calibrated and validated for rod probe sensor which gives 
electrical conductivity at a single point. However, this point-wise measurement is 
sometimes time consuming and expensive. Moreover, the rod probe sensor covers 
only 25 mm zone of influence around the sensor, which might not be representative to 
characteristic the section of a real road. To mitigate this drawback, flat ribbon cable 
(FRC) sensor with extended length has been considered and calibrated successfully 
in this study. 
 
5  CALIBRATION OF FRC SENSOR 
 
The FRC as presented in Figure 10 comprises of three copper wire placed 3 cm apart 
with polyethylene insulation. For the preparation of sensors, the outer conductor of the 
coaxial cable is attached with the exterior cooper wires of the FRC while the inner 
conductor of the coaxial cable is attached with the middle wire of the FRC (Figure 10). 
Three sensors with length of 1.5 m, 1.0 m, and 0.45 m have been prepared and 
calibrated in the laboratory. 
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Figure 10 A complete FRC sensor comprising of copper wire with polyethylene 
insulation connected to co-axial cable 
 
5.1  TDR measurements with FRC sensor 
 
FRC sensors were first successfully used in a full-scale levee model made of sandy 
soil to measure spatial distribution of the capacitance, real permittivity, and the 
volumetric water content (Scheuermann et al. 2009). In this study, calibration of the 
FRC is discussed providing information on the electrical characteristics of the soil 
surrounding the sensor. A cylindrical tube having a length and diameter of 2 m and 30 
cm, respectively, has been indigenously fabricated in-house to conduct the experiment 
(Figure 11). 
 
 
 
The tube has inflow and outflow facilities and it  has been marked from σ1 to σ6 (points 
of EC
b
 measurements by rod sensor for FRC calibration) having equal spacing from 
outflow to inflow direction (Figure 11).The tube is filled in two horizontal layers of fresh 
coarse sand, each having 8 cm depth with the FRC sensor placed in between. The 
physical properties of the fresh coarse sand is summarised in Table 3. Moisture and 
density of the fresh sand change considerably in the long tube when the sand is in 
saturated condition (Table 3).   
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Figure 11 A partial sand-filled long cylindrical tube marking σ1 to σ6 (points of ECb 
measurements by rod sensor) for FRC calibration 
 
Table 3: Physical properties of the sand used in the experiment 
Soil Properties Values 
Texture  Dry sand 
Effective size (mm) 0.56-0.7 
Uniformity coefficient (mm) 1.25-1.5 
Moisture content (dry) <1% 
Bulk density (g/cm3) 1.5 
Specific gravity 2.5 
Material <75μm <1% 
Density (Saturated condition) (g/cm3) 2.05 
Moisture content (Saturated condition) 30% 
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Figure 12 Long measurements with FRC sensor for the variation of salinity (reference 
measurement is taken from zero refection coefficient to the certain TDR pulse; 
however, it is shown here from 0.9 reflection line to show the difference clearly)  
 
Saline water (corresponding to electrical conductivity 10~40 mS/cm) flows through the 
sand and the corresponding TDR measurements were taken. At the same time, rod 
probe sensors were inserted at the marked points 1 to 6 (Figure 11) in the saturated 
sand, and TDR readings were taken accordingly. Figure 12 shows the long 
measurements of the FRC sensor where reference measurement is taken as the 
voltage level without any energy loss (V1) while measurements in saline medium are 
reached in the steady state voltage with considerable energy loss (V2). In case of 
reference measurement, only the coaxial cable of the same length of the FRC sensor 
is considered.  
5.2  Point-wise Measurement with Rod Probe Sensor to Obtain ECb 
To obtain the bulk electrical conductivity of soil (ECb) surrounding the FRC sensor, rod 
probe sensors were installed in marked points of the tube and the corresponding 
readings were recorded. Point-wise short and long measurements are taken 
accordingly as shown in Figure 13. TDR data with rod probe sensors are analysed for 
each salinity measurement and point-wise ECb is calculated using Equation 3. The 
V1 
V2 
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mean value from the point-wise measurements is considered to establish the 
calibration relationship for the FRC sensor. 
 
 
Figure 13 Point-wise measurement by rod sensor to obtain Vi and Vf at the saturated 
sand of the cylindrical tube (Figure 11). 
 
5.3  Development of Calibration Model for FRC sensor 
TDR measurements with the FRC sensor provide voltage loss information for the 
different concentration of pore water in porous media. Obtaining V1 and V2 information 
from the previous section, normalized voltage loss (voltage loss for a certain 
measurement over the reference voltage) is calculated. The normalized voltage loss 
seems to be proportional to the pore water electrical conductivity (ECw) for the FRC 
sensor of different lengths (Figure 14).  
Vi 
Vf  
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Figure 14 Normalized voltage loss of FRC sensor dependent on ECb 
 
 
Figure 15 Calibration of FRC sensor considering voltage loss information due to pore 
water salinity 
 
Moreover, short sensor demonstrates lower loss compared to the long sensor. Thick 
polyethylene insulation of the FRC sensor might be responsible for incurring the higher 
loss in short sensor and vice versa. Plotting the normalized voltage loss multiplied by 
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the inverse of the bulk electrical conductivity ( 1 2
1
1
b
V V
V EC

 ) against the length of the 
FRC sensor (Figure 15), a linear regression model (Equation 8) is developed 
considering the variation of pore water salinity in porous media (saturated sand). 
 
1 2
1
1
0.5333 0.9814
b
V V
X
V EC

                 (8) 
Rearranging the Equation (8), ECb can be directly calculated using the following 
expression (Equation 9). 
 
1 2
1
1
( 0.5333 0.9814)
b
V VmS
EC
cm V X
 
  
   
           (9) 
 
Where 1 2
1
V V
V

 is the normalized voltage loss, X is the length of the FRC sensor in cm. 
Using the robust calibration model (Equation 9), ECb of sandy soil can be measured 
easily once V1 and V2 are properly estimated. 
5.4  Validation of Laboratory Developed FRC Model 
Using the same experimental setup as discussed in Section 5.1, fresh coarse sand is 
saturated with water of different saline concentration. At each salinity of pore water, 
reflected TDR pulse is obtained and analysed for the both FRC and rod probe sensors. 
ECb is calculated using the developed calibration models for both the rod probe as 
well as FRC sensor.  Figure 16 shows the comparison of the ECb values obtained from 
FRC and rod probe sensor where ECb values of the FRC sensor are quite similar to 
the rod probe sensor for the FRC sensor length of 1.0 m and 0.45 m. However, FRC 
sensor overestimated the ECb values for the sensor length of 1.5 m. A possible 
explanation for the observed difference is sampling the average value of the rod probe 
sensor in developing calibration function. Moreover, there might be a gap between 
sensor and saturated sand and the gap might be filled up with saline water. In addition, 
a little variation of sensor length inside the black box (Figure 10) happened during the 
preparation of sensor might affect the results. 
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Figure 16 Justification of ECb estimation for the FRC sensor using rod probe sensor  
 
6 CONCLUSIONS 
Naturally occurring salinization in Australia is predicted to increase considerably 
because of the land use pattern and climate change. Salinity causes huge decrease 
in the lifespan of road pavements. This paper describes the simplest way in 
determining electrical conductivity indicating the level of salinity using TDR method 
employing the rod probe as well as FRC sensor in saturated sandy soil. Moreover, this 
research successfully demonstrates the sensor calibration procedure to measure ECw 
and ECb. This non-destructive electrical conductivity monitoring method can be 
operated during pavement construction and the lifetime of the pavement.  The system 
would give remote real time representative measurements of electrical conductivity 
and other information over the entire life of a pavement. The real time data can be 
further used to evaluate the structural performance of the road as well. Future 
investigations are planned to calibrate the FRC sensor for the typical road base or 
sub-base material. 
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ABSTRACT 
Soil moisture content and density of pavement materials exert a great influence on 
pavement performance. Cyclic traffic loading with increasing moisture content in 
materials can accelerate changes in density significantly. Time domain reflectometry 
(TDR) is a non-destructive method for measuring the moisture content and density of 
soils using rod sensors. In this study, TDR measurements were taken in the laboratory 
for a typical road base material at two different conditions; at constant moisture content 
with different dry densities and at constant dry density with different moisture contents. 
Based on TDR measurements, a theoretical formulation between voltage drop 
occurring for the passage of an EM wave through the soil and the electrical 
conductivity is developed. The theoretical formulation shows the dependency of 
electrical conductivity on permittivity. This dependency is further correlated to develop 
density calibration function providing the opportunity to obtain moisture content 
information.  For the validation of the calibration functions, sensors are installed in a 
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road to obtain real field data. Laboratory results point out that the calibration models 
are independent of moisture and density, and the field instrumentation shows the 
satisfactory accuracy of the method. The newly established calibration models allow 
for observing the routine performance providing a better understanding of the material 
behavior for example rutting of roads. 
 
Keywords: Road Material, Moisture, Density, TDR, Permittivity, Electrical Conductivity 
 
1. INTRODUCTION 
Road network is an imperative component of the national infrastructure and the 
economy of a country mostly depends on it. Especially in Australia, a widespread road 
network is required to connect the countryside areas to the big cities developed in 
coastal areas. Unbound granular pavements with thin bituminous layers are the most 
common form of road construction in Australia (Oliver1999). Pavement Engineers 
handling this huge network face a series of challenges including increasing heavy 
freight vehicles and risk of damage from frequent flooding or flash flood (Muller et al. 
2012).  However, unbound granular pavements with thin bituminous layers are highly 
susceptible to premature failure if there is moisture infiltration into the base or 
subgrade (Matacin 2010). Ingression of moisture in the pavement through shoulder or 
surface results to increased pore water pressure or decreased matric suction leading 
to reduced effective stress, strength and stiffness (Charlier et al. 2009). Moreover, in 
pavement engineering, the existence of excess moisture in unbound pavement 
materials, particularly when combined with heavy traffic load leads to enhanced 
pavement weakening and decrease in service life (ARA, 2004; Berntsen and 
Saarenketo, 2005; Erlingssson, 2010). Additionally, the most substantial state variable 
prompting the functionality of unbound granular pavement material is the moisture 
content and with the changing of moisture content, changes in density accelerates 
under cyclic traffic loading (Bhuyan et al. 2017).   
Although the impact of moisture in the pavement is huge and well established, still it 
is difficult to measure the actual moisture content in the field in non-destructive way. 
Time domain reflectometry (TDR) is a well-known and established non-destructive 
method for measuring both moisture content (MC) and bulk electrical conductivity 
(ECb) of soil (Dalton et al., 1984, Topp et al., 1988). Three-rod probe sensors 
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connected to coaxial cable is commonly regarded to standard TDR method for 
obtaining moisture content of soil (Topp et al., 1980). Scheuermann et al. (2009) 
introduced flat ribbon cable for measuring moisture across the embankment. 
Siddiqui and Drnevich (1995) extended the application of measuring ECb to civil and 
geotechnical engineering. Moreover, they developed a good approach for measuring 
moisture content and density depending on permittivity of soil using TDR. They 
designed rod probe sensor as well as mould to measure field moisture and density. 
Initially, permittivity is measured installing rod probe in the field. Subsequently, soil is 
excavated from the same point and compacted in the mould.  Finally, permittivity as 
well as density are determined using calibration equation.  
Yu et al. (2004) presented a further modified over Siddiqui and Drnevich (1995) and 
Drnevich et al. (2001b) methods dependent on ECb for determining soil water content 
and dry density using a single TDR test designated by ASTM D6780 in the year 2003. 
Finally, Yu et al. (2004) developed one-step TDR method considering temperature, 
which was fast, accurate and safe for compaction quality control. Although, this 
method is non-destructive, it cannot be used for monitoring purpose and at a depth 
greater than 204 mm from surface. Moreover, change of density cannot be identified 
once construction is over. 
Drnevich et al. (2005) developed straight-line soil-dependent calibration relationship 
independent of ECb to calculate moisture content and density. However, crushed rock 
material used as road base was not considered in determining calibration constants. 
Later on, Jung et al. (2013) introduced new methodology considering voltage drop of 
the reflected TDR pulse for measuring moisture content and density. Voltage drop 
happened for the passage of EM wave through the soil is the reflection of ECb. In this 
method, voltage drop and density were normalized against dielectric permittivity and 
calibration function was developed to determine dry density directly. Using this 
method, field moisture and density can be measured once the instrument is brought 
to the field, excavated the soil, and placed in the mould. However, changes of density 
for changing moisture cannot be identified time-to-time using this method. Recently, 
Bhuyan et al. (2017) presented a robust method for calculating and monitoring real 
time density using voltage drop concept. However, the empirical voltage drop 
information has not been correlated to any theoretical formulation in density 
calculation. 
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In this study, TDR measurements are done on soil samples with different moisture 
content and density providing voltage drop information. The voltage drop significantly 
changes because of changing volumetric water or air content in the soil. A theoretical 
formulation of ECb is established using the voltage drop information. This reliance is 
further associated to develop density calibration function providing the opportunity to 
obtain moisture content information.  Finally, a case study is completed in the form of 
road instrumentation to authenticate the laboratory developed calibration functions. 
2. MEASUREMENT PRINCIPLES OF PERMITTIVITY, WATER CONTENT AND 
ELECTRICAL CONDUCTIVITY 
2.1 Dielectric permittivity (relative permittivity) calculation 
Dielectric permittivity (permittivity) indicates the amount of volumetric moisture in the 
porous media. In real TDR measurements, electromagnetic (EM) wave travels through 
the rods in the medium and reflects back having the dielectric information of the 
medium. The two way travel time of the EM wave (∆t) is associated to the permittivity 
of the soil medium. For non-insulated probes, Topp et al. (1980) proposed dielectric 
permittivity of the medium with Equation (1). 
2
2
c t
L

 
  
 
                (1) 
Where the symbols have the following meaning 
ɛ    = bulk dielectric permittivity (relative permittivity) 
c    = speed of light in vacuum = 3 x 108 m/s 
∆t  = two way travel time between intersection points (seconds) 
L   = length of rod probe in meters 
 
2.2 Soil volumetric water content (θv) calculation 
There are several established relationships for calculating volumetric water content 
(θv) dependent on permittivity (ε) using TDR method. Topp et al. (1980) developed 
the cubic relationship for all types of soil where as Baran (1994) and Ekblad and 
Esacsson (2007) developed cubic relationship especially for crushed rock materials 
as shown in Equation (2). In the equation (2), oa  to 3a  are cubic coefficients and ε is 
the permittivity (Table 1). 
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2 3
1 2 3ov a a a a                     (2) 
Table 1: Cubic equation co-efficient for different models 
Reference Model ao a1 a2 (x10-4) a3 (x10-6) 
Topp (1980) -0.053 0.0292 -5.5 4.3 
Baran (1994) -0.0622 0.0238 -6.0 6.0 
Ekblad & Esacsson (2007) -0.0586 0.0250 -6.05 5.73 
 
2.3 Soil Electrical Conductivity 
Soil is generally considered as a three-phase system i.e. solid, water and air. Among 
the three phases, air is non-conductive means electrical conductivity of air is zero (ECa 
= 0). Other two phases are conductive and the factors affecting ECb comprise porosity, 
pore water arrangement, surface conductance and temperature (Friedman 2005). 
Therefore, amount of porosity, in other word, density of the material and the 
composition of pore water in the material are the two most dominant factors governing 
ECb. Significant research was done considering the attenuation of reflected TDR pulse 
for the variation of pore water electrical conductivity (ECw) to deduce ECb in saturated 
soil samples (Dalton et al., 1984, Topp et al., 1988). Later on, Nadler et al., (1991), 
Heimovaara(1992), Ward et al., (1994) measured ECb considering the variation of 
moisture content as well as salinity of pore water in multi-layered soil system. Risler 
et al., (1996) investigated linear relationship to ECb with pore water salinity considering 
the recurring imbibition and drainage. The referred researchers examined the 
dependency of the TDR measured ECb on pore water salinity for sand or silty loam 
soil. However, no calibration function was developed in measuring ECb for the road 
base or sub-base material. 
2.3.1 Calibration of Standard TDR probe in Saline Solution 
The rod probe sensor of Model-CS610-L (Figure 1a) was used in this experiment 
manufactured by Campbell Scientific (https://www.campbellsci.com/cs610-l). The 
length and diameter of each rod is 300 mm and 4.8 mm respectively and spacing 
between outer rods is 45 mm. It has 108 mm sensor head with 90 mm probe offset. 
Rod sensors are non-insulated and attached with co-axial cable. The rod sensor 
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maintained 25 meters co-axial cable even in the calibration process in the laboratory 
to adjust the field measurements. The length of the co-axial cable used as input lead 
has a significant effect on permittivity measurements as well, as it changes the input 
signal in to the probe while travelling along the coaxial cable (S. D. Logsdon 2000). In 
order to address the effects of sensor head as well as co-axial cable, probe specific 
calibration was conducted including the input lead of the probe of 25 m length.  
Table 2: Electrical conductivity (EC) measurement parameters 
Measured by 
EC Meter 
(S/m) 
Temperature 
in oC 
Vs-1 Vf 
Permittivity, 
ε 
Calculated 
EC (S/m) 
0.0451 24.8 0.0213 0.8449 78.5 0.067672 
0.0618 24.8 0.0209 0.6998 78.5 0.080554 
0.1068 24.85 0.0207 0.4812 78.6 0.117772 
0.1552 24.88 0.0203 0.361 78.8 0.156505 
0.2475 24.95 0.02 0.248 79 0.230994 
0.4984 25.0 0.0198 0.133 79.5 0.463516 
 
Initially, the rod sensor is calibrated with the saline solution stated in Table 2. Figure 
1(b) demonstrates the corresponding reflected TDR pulses for the variation of salinity 
in water solution. Specifically, non-conductive medium like air shows full reflection 
without having any loss whereas reflection values significantly decreases with 
increasing salinity in the water medium (Figure1b). The transmitted voltage from pulse 
generator travels through the co-axial cable to the sensor remains constant referring 
as source voltage (Vs), whereas part of the source voltage enters in the medium 
through the sensor happening some loss due to conductivity, and reaches the steady 
state condition in the long measurement referring as final steady state voltage (Vf) 
(Figure1b). 
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Fig. 1: (a) Photographic view of CS610-L probe manufactured by Campbell Scientific 
and (b) Illustration of source voltage (Vs) with final steady state voltage (Vf) obtained 
from the reflected TDR pulse for the variation of salinity. 
Potential parameters are carefully examined and Equation (3) is derived using the 
linear regression analysis. Equation (3) predicts ECw based on voltage drop 
parameters (Vs, Vf) attributed to salinity, permittivity of the medium as well as length 
of the sensor (L). Usually, the EC value is referenced and measured at 25oC, and 
referred as
25 oc
EC  
1
( / )
( 1)
s
w
f s
V
EC S m
L V V
 
 
 
             (3) 
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Vf 
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Fig. 2: Comparison of measured and calculated ECw values using newly developed 
equation 
Table 2 summarises the voltage drop parameters and compares the electrical 
conductivity measurements obtained from TDR analysis and EC meter. EC values 
from the TDR measurements are compared with the measured value from EC metre, 
and were found to be statistically well correlated (Figure 2). The laboratory developed 
EC model is used in this study to further develop moisture and density calibration 
models for the road base material used in pavement construction. 
2.3.2 Effect of Temperature 
To comprehend the influence of temperature, salinity of the pore fluid is kept roughly 
constant (0.02 mole/litre of NaCl), while temperature was increased stepwise at the 
rate of 5oC, from 25oC to 65oC. For each step of temperature increment, TDR 
measurements are taken accordingly (Figure 3), and voltage drop parameters are 
estimated consequently to evaluate the electrical parameters as discussed in the 
previous sections. Figure 3 shows the normalized electrical conductivity against the 
temperature, and the calibration Equation (4) is obtained from linear regression 
analysis. This equation enables to obtain EC values at any temperature (ECT) where 
25 oc
EC is the EC value at reference temperature 25oC. 
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25
1 0.0245 ( 25)
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EC
T
EC
                 (4) 
 
Fig. 3: Observation of temperature effect with normalized ECw values 
 
2.3.3 Negligence of pore water salinity 
Salt concentrations corresponding to ECb of 500-1,500 μS/cm is necessary to cause 
damage to thin bituminous surfacing (Carteret et al. 2012). Moreover, observations 
from laboratory experiment as well as field-testing reveals that accumulation of salt 
happened in the bituminous or the subgrade layer because of rainfall or the fluctuation 
of groundwater table (Carteret et al. 2012). In overall, source of salinity in the 
pavement is the natural aggregate or subgrade material rather the migration of saline 
water. So the contribution of pore water salinity in measuring EC has been overlooked 
in this study whereas natural salinity of aggregate materials is considered in estimating 
ECb for the soil specific calibration development in the next section. 
3. SOIL SPECIFIC CALIBRATION RELATIONSHIP 
3.1 Unbound Pavement Material 
The typical unbound granular (UBG) road material used in base or sub-base 
construction in pavement was investigated in this study (Figure 4a). The material was 
factory-made at a quarry in South-East Queensland and it was well-graded gravel 
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(GW) according to technical specification of department of transport and main roads 
(MRTS05, 2015). The particle size distribution (PSD) has been presented in Figure 
4(b). The sample had a fine-grained contact metamorphic source rock of hornfels 
origin. 
 
Fig. 4: (a) Typical sample and (b) Particle size distribution of the road base material 
used in this study 
Atterberg limits were determined according to the Material Testing Manual of the 
Department of Transport and Main Roads of Queensland, Australia (DTMR 2014). The 
sample had a liquid limit of 24 with plasticity index 6.5.  The optimum moisture content 
(OMC)-maximum dry density (MDD) relationship was obtained using standard proctor 
compaction test according to British Standard (BS 1377-4:1990). The sample had the 
OMC and MDD values of 6.5% and 2160 kg/m^3 respectively. 
3.2 Calibration Box 
The laboratory calibration box was fabricated in the workshop with polyvinyl chloride 
(PVC) sheet. The PVC sheet had the thickness of 14 mm and the internal dimensions 
of the calibration box (Figure 5b) was 558 x 155 x 160 mm (length x width x height). 
The UBG material was compacted in the box in two horizontal layers. The EM field 
around the sensor does not exceed 30 mm (Suwansawat and Benson, 1999), which 
is smaller than the distance of the outer edge of the sensor to the wall of the box. To 
avoid an interference of the EM field with the ground surface and bottom of the box, 
the layers of the test material were chosen to be approximately 60 mm thick where the 
sensors were placed in between the layers shown in Figure 5(a&b). It is mentioned 
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here that measurement was taken separately for each moisture content and the 
corresponding density of road materials. 
 
 
 
 
6 cm 
6 cm 
b 
c 
Travel Time 
Vf VS 
a 
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Fig. 5: Experimental setup in determination of voltage drop information. Placement of 
TDR sensor in the calibration box showing (a) cross sectional view, (b) top view while 
compaction is done. (c) A typical TDR trace with the rod sensor showing source 
voltage (Vs) as well as final steady state voltage (Vf), and further TDR traces with 
voltage drop information for the variation of (d) dry density and (e) gravimetric moisture 
content. 
d 
e 
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3.3 Soil Compaction and TDR Measurements 
For deriving the relationship between material properties and TDR measurements, 
calibration tests need to be conducted. Similar to proctor and modified proctor 
compaction tests, soils with different water contents and densities are compacted in 
the calibration box with the rod sensor as shown in Figure 5(a&b), and the 
corresponding TDR traces are obtained to measure the electrical properties of the 
material. Table 3 shows the measurement range of gravimetric MC as well as MDD. 
MC varies roughly from 4% to 9% while dry density varies from 80% to 100% of MDD. 
It is mentioned here that density variation from 80% to 100% of MDD is incurred for 
each MC of the material. 
The TDR device produces an EM signal which travels first through the coaxial cable 
and then along the sensor. At the end of the sensor, the signal is reflected and travels 
back to the TDR device. The so-called TDR trace, which is the time dependent 
reflection during the time of travel of the EM wave, is stored in the notebook computer. 
Because of the impedance mismatch at the transition from coaxial cable to sensor, 
part of an incident EM wave is reflected at the beginning of the probe and the 
remainder of the wave propagates along the sensor until it reaches the end, where the 
wave is completely reflected. The round-trip time or travel time, t of the wave (Figure 
5c), from the beginning to the end of the sensor, is measured using the tangent method 
(FWHA report, 1998). 
The total TDR wave pulse comprises of multiple reflections, dielectric dispersion and 
reduction from the conductive loss of the soil and the cable resistance (Suwansawat 
and Benson, 1999). As it is discussed in section 2.3.1, the amplitude of the reflection 
signals changes significantly, while the sensor is exposed to the material and provides 
lowest voltage at the end of the sensor (Figure 5c). Two most dominant voltage drop 
parameters (Vs, Vf) are extracted from the TDR traces for the variation of moisture and 
density of materials (Figure 5c,d&e).  The whole TDR trace can be significantly 
characterized by these two parameters measured along the reflection axis. Table 3 
summarises the Vs and Vf values of the TDR traces for each moisture and density 
values. TDR traces are further analysed to obtain travel time of the signals and 
permittivity is calculated accordingly with Equation (1). Subsequently, ECb is 
calculated with newly developed Equation (3) and tabulated in Table 3. Though the 
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source voltage (Vs) is independent of moisture and density of material, final steady 
voltage (Vf) changes considerably for the variation of material properties (Table 3). 
Moreover, there is an increase of permittivity and ECb with an increase of Vf. 
Table 3: TDR trace parameters and stepwise EC calculation  
Actual 
MC 
(%) 
Density 
(% of 
MDD) 
Voltage Drop Sensor 
Length 
(m) 
Travel 
Time 
(TT) 
(nS) 
eff. 
TT=TT-
head 
correction 
Relative 
Permittivity 
ε 
Calculated 
ECb (S/m) 
Vs-1 Vf 
4.2 
80 0.01826 1.4954 0.3 5.472 4.842 5.86 0.0024 
85 0.01826 1.4096 0.3 5.775 5.145 6.61 0.0029 
90 0.01826 1.3189 0.3 6.033 5.403 7.29 0.0034 
95 0.01826 1.2678 0.3 6.18 5.55 7.70 0.0038 
100 0.01826 1.2212 0.3 6.238 5.608 7.86 0.0040 
5.37 
80 0.01583 1.3636 0.3 5.899 5.269 6.94 0.0027 
85 0.01583 1.2724 0.3 6.236 5.606 7.85 0.0033 
90 0.01583 1.1929 0.3 6.542 5.912 8.73 0.0039 
95 0.01583 1.1262 0.3 6.802 6.172 9.52 0.0045 
100 0.01583 1.0676 0.3 6.945 6.315 9.96 0.0050 
6.66 
80 0.0141 1.228 0.3 6.464 5.834 8.50 0.0033 
85 0.0141 1.1501 0.3 6.839 6.209 9.63 0.0040 
90 0.0141 1.0509 0.3 7.338 6.708 11.2 0.0051 
95 0.0141 0.9864 0.3 7.703 7.073 12.5 0.0060 
100 0.0141 0.942 0.3 7.95 7.32 13.3 0.0068 
8.11 
80 0.0138 1.201 0.3 6.388 5.758 8.28 0.0032 
85 0.0138 1.1016 0.3 6.858 6.228 9.69 0.0041 
90 0.0138 1.015 0.3 7.606 6.976 12.1 0.0056 
95 0.0138 0.947 0.3 8.101 7.471 13.9 0.0069 
100 0.0138 0.8902 0.3 8.213 7.583 14.3 0.0075 
9.17 
80 0.015 1.2639 0.3 6.427 5.797 8.40 0.0034 
85 0.015 1.1453 0.3 7.169 6.539 10.6 0.0047 
90 0.0149 1.0593 0.3 7.786 7.156 12.8 0.0061 
95 0.0148 0.9898 0.3 8.266 7.636 14.5 0.0074 
100 0.0147 0.9285 0.3 8.545 7.915 15.6 0.0084 
 
3.4 Dependence of Permittivity on the ECb calculation 
Permittivity and ECb are normally considered as two pieces of independent information 
in TDR measurements (Yu et al. 2004). However, these two parameters are 
interrelated and their relationship can be used to simplify TDR measurements. Malicki 
et al. (1994) obtained a high degree of linear relationship between Permittivity and ECb 
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for the wide range of soil types. Hilhorst (2000) also found a very good linear 
relationship between these two parameters.  
Although, section 2.3.1 presents ECb model (Equation 3) depending on permittivity, 
sensor length and voltage drop parameter, based on the literature above, another 
suitable approach in predicting ECb is presented in this section.  Referring Table 3, 
ECb values are plotted against permittivity values (Figure 6) and a linear regression 
model is developed (Equation 5). The simplest form of the ECb model (Equation 5) 
depending only permittivity values (Equation 3) shows good statistical correlation as 
well for the particular road base material. The dependence of permittivity on the ECb 
calculation is justified in the Section 4.4. 
( / ) 0.0006 0.0012bEC S m                 (5) 
 
Fig. 6: Relationship between bulk electrical conductivity (ECb) over permittivity (𝜀) 
 
3.5 Dependence of the TDR-Measured ECb on Estimating Density 
Permittivity and ECb are two different important information in TDR measurements. 
With this in view, another third parameter named density can be estimated using linear 
regression analysis. ECb values multiplying by the density ratio named density of water 
over bulk density of soil [ wEC
b
b


 
  
 
] are plotted against permittivity (Figure 7) from 
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which a new relationship is succeeded (Equation 6). The new linear regression model 
shows a good statistical correlation (R2 = 0.9934). 
0.0002 0.0002wb
b
EC



                      (6) 
 
 
Fig. 7: Development of density relationship using ECb*(ρw/ρb) values over permittivity  
 
4. RESULTS AND DISCUSSIONS 
4.1 Estimation of bulk density ( b ) 
Equation (6) illustrates the possibility of calculating bulk density of material ( b ) once 
the permittivity and ECb information are available. Rearranging Equation (6), 
expression of bulk density can be written in the form of Equation (7). 
3( / )
0.0002 0.0002
b w
b
EC
kg m





 
         (7) 
Additionally, Section 3.4 describes the likelihood of calculating ECb from permittivity 
values. With this in view, bulk density ( b ) can be calculated using a single parameter 
named permittivity where ECb will be a function of permittivity. This opportunity could 
make the model (Equation 7) simpler and save TDR measurements, time and money. 
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4.2 Estimation of volumetric water content ( v ) 
Empirical relationship between volumetric water content ( v ) and permittivity is 
discussed earlier in the Section 2.2. Refer to Equation (2), various researchers derive 
the cubic coefficients depending on the type of soil (Table 1). However, in this study, 
an independent set of constants are obtained by plotting laboratory measured 
volumetric water content ( v ) over permittivity values (Figure 8). It is worth to mention 
that volumetric water content ( v ) is obtained multiplying the gravimetric water content 
( ) by the dry density ( d ). The plotting provides a second order-polynomial 
regression model (Equation 8) showing best fit with the laboratory-measured data (R2 
= 0.87). 
 
Fig. 8: Development of volumetric water content (θv)-permittivity (𝜀) relationship  
 
Performance of the newly developed model is evaluated with statistical information 
(Figure 8). It is found that newly developed calibration model fits close to the Baron 
(1994) as well as Ekblad & Esacsson (2007) models, which were developed for 
coarse-grained materials as crushed rocks. 
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4.3 Estimation of gravimetric water content ( ) and dry density (𝛒𝐝) 
While the volumetric water content ( v ) and bulk density ( b ) are structured from the 
previous sections, dry density ( d ) can be easily calculated with the Equation (9). 
1
b
dv

   

   

                         (9) 
4.4 Justification of dependence on permittivity in EC calculation 
Equation (5) in section 3.4 demonstrates the opportunity of calculating EC values 
based on uniquely permittivity values. Figure 9 exemplifies the relationship of EC 
values based on permittivity (Equation 5) as well as voltage drop combined with 
permittivity (Equation 3). 
 
Fig. 9: Performance of ECb values based on permittivity (𝜀) and voltage drop (Vs,Vf) 
 The relationship indicates very good agreement between two methods of EC 
measurements as the points fall very close to the 1-1 line and are statistically 
correlated very well (R-square = 0.9618). Moreover, percent error is quite reasonable 
showing that, EC can be obtained not only from voltage drop combined with 
permittivity but also only from permittivity values. 
4.5 Comparison of measured and calculated values for density and gravimetric 
water content 
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Second set of data for the similar moisture and density information were organized for 
the laboratory validation. Figure 10(a&b) illustrate the moisture and density data 
obtained from laboratory investigations as well as TDR measurements. Figure 10(a) 
shows the comparison of density values where density data for the entire range of 
water content fall within 5% above or below the 1-1 line. Specifically, density data 
having 80% to 90% of MDD shows increasing trend for the entire moisture content, 
however, trend of density data becomes flatten for the 95% and 100% of MDD.  
Explanation behind the case might be the variation of moisture. 
In one hand, 4.2% MC (65% of OMC) might not be theoretically enough for obtaining 
maximum dry density by applying more energy. On the other hand, 9.17% MC (140% 
of OMC) might not be theoretically practical for obtaining maximum dry density by 
applying less energy. The reflected pulse of the TDR measurements are obtained 
based on the volumetric air or water content.  These two important properties are taken 
into consideration for the TDR measurements in order to estimate the density of 
materials.  
Figure 10(b) explains the comparison of the gravimetric moisture values between 
laboratory observations and TDR measurements. Although, density data are likely to 
cross the 1-1 line from measured to estimation zone (Figure 10a), moisture data falls 
very close to the 1-1 line (Figure 10b). The comparison shows that the proposed TDR 
method is quite suitable to estimate the moisture content accurately. Moreover, lower 
percent error signifies the applicability of the new method in obtaining moisture content 
information from field.  
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Fig. 10: Performance of laboratory developed models compared to measured values 
for the (a) bulk density (ρ
b
) and (b) gravimetric moisture content (w) 
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5. FIELD INSTRUMENTATION  
An additional lane was built at Maryvale along the Cunningham Highway in 
Queensland, Australia. The sub-base layer, 325 mm from top (Figure 11a) and base 
layer, 175 mm from top (Figure 11b) of the new lane was instrumented with sensors 
to investigate the transverse moisture distribution of the road. The highlighted rod 
probe sensors are considered in this study. A minimum clear spacing of 0.5 m between 
sensors was always retained to ignore the influence of EM wave between sensors.  
     
Fig. 11: Photographic view of road instrumentation with rod probe sensors (circled) 
at (a) sub-base and (b) base layer. 
5.1 Procedure of Sensor Installation 
i. Location of sensors at a certain chainage is agreed with contractor on site, 
including location of pit. 
ii. Instrumentation site is excavated 325 mm (sub-base layer) and 175 mm (base 
layer) from surface and sensors are placed accordingly on top of each layer 
(Figure 11). 
iii. Backfill and compaction is completed subsequently after placing the sensors. 
iv. Co-axial cables are arranged in the common pit next to the shoulder and TDR 
measurements are taken. 
v. Bulk soil sample is collected from the instrumentation site accordingly to develop 
soil specific calibration functions in the laboratory. 
 
 
a b 
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5.2 Comparison of field data with TDR measurements 
In-situ TDR readings were taken on 5th June 2015 and 18th May 2016 to identify field 
moisture content and density. Although the field gravimetric moisture content was 
measured by sampling the materials of the layers at the monitored sections, field 
density was measured by nuclear density gauge. 
Figure 12(a&c) illustrates the comparison of field density measured by density gauge 
with the developed calibration function (Equation 7) based on TDR. Density values 
obtained from TDR method in June 2015 are close to the field observations, however, 
TDR method produced relatively lower density values compared to the field density in 
May 2016. Overall, TDR measurements provide satisfactory accuracy e.g. percent 
error 5.5 in density measurements, which can be used in pavement quality control. 
Figure 12(b&d) demonstrates the assessment of field gravimetric moisture content 
with the developed calibration function (Equation 9) based on TDR. Moisture values 
from TDR measurements show very good agreement to the field values for base and 
sub-base layers on June 2015, While, TDR method provided relatively higher moisture 
values in May 2016 compared to the field values. Based on the field observations, 
TDR method overestimates the moisture content compared to the field observation. 
Although, the moisture points fall below the 1-1 line, percent error provides satisfactory 
accuracy. 
Couple of possible reasons might be responsible for the observed difference between 
field observations and TDR measurements. Very small air gaps might be shaped in 
between the connection of rod probe and sensor head. Moreover, small differences in 
material types and gradation might cause differences. Furthermore, developed 
calibration function might not produce most accurate relationship due to inadequate 
data. In addition, sub-base layer was constructed one month earlier than the base 
layer; however, measurements were taken on the same time immediately after 
completing the base layer. Besides these, nuclear density gauge might not yield most 
accurate density information. Overall, field moisture decreased to some extent in the 
year 2016 compared to the previous year, however, density remained nearly constant. 
The moisture might decrease due to the evaporation of moisture from surface of road. 
 
Bhuyan, Scheuermann, Bodin, Becker   Paper III 
 
 
167 
 
 
 
    
Fig. 12: Performance measurements of laboratory calibration models corresponding 
to field observations for the bulk density (a & c) and gravimetric MC (b & d).  
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6. SUMMARY AND CONCLUSIONS 
Functionality of unbound granular pavement mostly depends on the existing moisture 
content. Changes in density might be accelerated under cyclic loading while there is 
a change in moisture. This paper describes an accurate and consistent non-
destructive method for estimating as well as monitoring the field moisture content and 
density of pavement materials. 
A theoretical formulation of ECb has been presented considering the variation of 
salinity and temperature. Theoretical formulation demonstrates that ECb of road 
materials is independent of moisture and density. The formulation of ECb overcomes 
the limitations of empirical relationship of voltage drop factor in calculating density 
(Bhuyan et al. 2017). 
Permittivity dependent ECb is another outcome of this study as well. In other words, a 
single measurement over a significantly long time can provide permittivity and an 
information on the ECb. The permittivity value provides an information on the water 
content and the density of material can be estimated using ECb and the permittivity. 
The permittivity-volumetric water content (VWC) relationship resembles very well with 
the well-known established models (Baran 1994, Ekblad& E. 2007). Moreover, 
calculated moisture and density provide good correlation with the results obtained from 
direct laboratory measurements as well as field measurements. 
Density calibration function dependent on permittivity and ECb is quite interesting. 
Future study with more experimental data could be conducted to establish density 
calibration equation with a single dependent as permittivity or ECb.  
Finally, road instrumentation with rod sensors is presented as a case study. Real time 
data from road instrumentation fits very close to the field observations. Hence, 
measurements can be taken at any time in any circumstances in obtaining real 
moisture and density data with this noble method. 
Application of TDR based non-destructive method of measuring moisture content and 
density of unbound pavement materials shows satisfactory accuracy. This method can 
be successfully used in real pavements for providing data, which can be used to 
optimize road management. Consequently, roads can me managed in case of critical 
conditions as flood or flash flood events. 
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List of Symbols 
The following symbols are used in this manuscript: 
ECb  Bulk electrical conductivity of soil; 
ECw  Electrical conductivity of water; 
25 oc
EC   Electrical conductivity at 25oC;  
d  Dry density (unit weight)  of soil; 
b  Bulk density (unit weight) of soil; 
w  Density (unit weight) of water; 
w  Gravimteric water content 
ɛ   Dielectric permittivity (permittivity); 
c Speed of light in vacuum = 3 x 108 m/s 
∆t   Two way travel time of EM wave through sensor (seconds) 
L Length of sensor 
Vs  Source voltage from TDR device; 
Vf  Steady state voltage in a long TDR measurement; 
θv  Volumetric water content; 
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ABSTRACT 
The most important state variable influencing the functionality of unbound granular 
materials of pavements due to changes in mechanical properties is moisture content. 
Every year in Australia, roads are damaged by heavy vehicles when the moisture 
content has reached a critical value. The moisture content changes with the variation 
of ground water table, with seasons and significantly due to a sudden flood. Spatial 
time domain reflectometry (TDR) is a new measurement method for determining water 
content profile along insulated flat ribbon cable (FRC) sensor. Measurements at 
different compaction levels are conducted to enable in situ moisture determination at 
different elevations of real roads. Using spatial TDR reading, a calibration function has 
been developed for monitoring moisture content in the flexible content forecasting the 
pavement behaviour in the critical condition. 
Keywords: Moisture measurements, TDR, FRC, road base material 
1   INTRODUCTION 
The water content of base or sub-base materials of pavement can exert a great 
influence on the performance of the overall pavement. The increase of water content 
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in substructure causes a severe deterioration of pavement structure by expansion of 
soil and as a consequence a decrease in its bearing capacity.  
 
TDR is a remote sensing electrical measurement technique that has been used for 
many years for various purposes (Andrews 1994). It was used in telecommunication 
and computer network for localising damages in long coaxial cables. Now-a day, it is 
widely used in civil and agricultural engineering for monitoring soil moisture, localized 
deformation of rock and soil and monitoring structural deformation as well. 
 
The investigations of Topp et al. (1980) formed the basis for the application of TDR for 
moisture measurement of soil. He developed an equation for deriving moisture content 
from permittivity measurements which is independent of soil type and density. Other 
researchers found that the relationship presented by Topp et al. (1980) did not work 
well for organic and clayey soils (Dasberg and Hopmans 1992). 
 
Non-insulated metallic two or three rod probe are normally used as transmission lines 
(Figure1) for conventional TDR applications to measure electrical permittivity. These 
kinds of probes are providing point-wise moisture content measurements as a mean 
value along the length of rod. Major advantage of using non-insulated metallic rods is 
the possibility of calculating directly the permittivity of the material surrounding the 
waveguide from the wave velocity (Whalley, 1993; Heimovaara and Bouten, 1990), 
which can be determined using simple travel time analysis. However, a serious 
limitation in the use of uncoated rods is the restricted length, which is limited to a 
maximum of about 1 m for use in soils because of losses caused by the electric 
conductivity of the moist soil (Dalton and van Genuchten, 1986; Scheuermann et al. 
2009). 
Scheuermann et al. (2009) proposed insulated flexible FRC sensor as longer 
transmission lines and successfully used it to observe changes in the moisture content 
distribution with in a levee model in Germany. Ribbon cables show much less pulse 
attenuation than uncoated sensors in the same medium. Cable with different 
geometries and designs have been developed and manufactured in the past, from 
simple concentric insulation to sophisticated multi-wire structures (Huebner and 
Brandelik, 2000a, 2000b).The FRC used in the presented investigations was originally 
developed for water content measurements in snow. 
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The presented paper describes the development of soil specific calibration 
relationships with FRC sensor providing volumetric water content. The calibration 
functions might be used in monitoring field moisture content of flexible pavement. 
 
 
Figure 1. TDR arrangements with three rod probe (Drnevich et al. 2005) 
2   BASIC PRINCIPLES 
 
The FRC used in the presented study consists of three copper wires covered with 
polyethylene insulation as shown in Figure 3. The advantage of FRC sensor is the 
reduction of the influence from the electrical conductivity on the wave propagation 
(Scheuermann et al. 2009). This permits the use of FRC sensor with lengths of up to 
40 m, if mean water contents are to be measured (Stacheder et al. 2005). 
 
Three parallel copper wires with polyethylene insulation (Figure 3) and the 
corresponding capacitance model (Figure 2) are presented in the paper. The mean 
capacitance of this model is calculated by using Equation 2 which is a function of 
individual capacitance and permittivity. The measurements are conducted on FRC 
sensor of known length.  
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Figure 2. Capacitance model of the FRC sensor (Scheuermann et al. 2009) 
        
Figure 3. FRC with copper wire and polyethylene insulation connected with co-axial 
cable (a) and complete both ended FRC sensor (b). 
The differences between this setup and the setup for conventional TDR 
measurements (Figure 1) mainly concern the electrical boundary conditions at the end 
of the transmission line. At the transition between the coaxial cable and the FRC, part 
of the pulse is reflected because of impedance mismatch and the remaining pulse 
travels along the FRC until it reaches the transition to the second coaxial cable at the 
opposite end of the sensor. The wave velocity of the TDR pulse can be obtained using 
Equation 1 where one way travel time of the TDR pulse is to be determined. The so 
called tangent method is used for getting the accurate one way travel time as 
discussed in Section 3.2. Subsequently, mean capacitance 𝐶(Ɛ𝑚) is calculated using 
Equation 1 where wave velocity is known keeping Impedance, L=7.56*10-7 as 
constant. 
Copper wire Polyethylene 
insulation 
6 cm 
Coaxial 
cable 
a b 
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V =
Length of FRC
One way travel time
=
1
√(L ∗ C(Ɛm))
                                                                                   (1) 
 
Figure 2 describes the capacitance model of the FRC sensor where capacitance C1 
considers the influence from the permittivity of the surrounding soil, capacitance C2 
takes into account the influence of the insulation between conductor and material 
surrounding the sensor, and capacitance C3 considers the influence between the 
conductors. Once 𝐶(Ɛ𝑚) is know from Equation 1, it is possible to calculate combined 
permittivity Ɛ𝑚 from Equation 2 as capacitances of the FRC sensor  𝐶1 = 3.4*10-12, 
𝐶2 = 323*10-12, 𝐶3 = 14.8*10-12 are constant for the fixed geometry (Scheuermann et 
al. 2009).  
 
C(Ɛm) =
ƐmC1. C2
ƐmC1 + C2
+ C3                                                                                                                 (2) 
 
2.1 Models of Calculating Volumetric Water Content 
 
Several researchers were focused to calculate volumetric water content depending on 
permittivity values. Lichtenecker and Rother (1931) proposed a simple three phase 
mixing model to calculate volumetric water content, θ where the frequency of the step 
pulse is roughly 1GHz. 
Ɛm = [θ. Ɛwα + (1 − n)Ɛsα + (n − θ)Ɛaα]
1
α                                                                                 (3) 
 
Where permittivity of water is Ɛ𝑤=81 for 250 Celsius (Kaatze 2005), of solid mineral 
grains, Ɛ𝑠 =4.5 and of air, Ɛ𝑎=1. Moreover, 𝛼 is called a structure parameter which is 
nearly equal to 0.45 and 𝑛 is the porosity of the material. 
 
A detailed literature review shows that there are several relationships available for 
calculating volumetric water content (θ) from permittivity (ε) values using TDR method. 
The following cubic function of permittivity values with coefficients are implemented to 
obtain the volumetric water content (Equation 4) and the coefficients are summarized 
in the Table1 according to the models. 
 
2 3
1 2 3
a a a a
o
                      (4) 
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Table 1:  Coefficients of cubic relationship of different models 
Reference a0 a1 a2 (x10-4) a3 (x10-6) 
Topp(1980) -0.053 0.0292 -5.5 4.3 
Baran(1994) -0.0622 0.0238 -6.0 6.0 
Jiang & Tayabhi 
(Course)(1999) -0.0579 0.0342 -13.12 23.1 
Jiang & Tayabhi 
(Fine)(1999) 0.00476 0.0276 -6.167 4.76 
Jiang & Tayabhi (All)(1999) -0.00812 0.0239 -4.427 2.92 
Ekblad(2007) -0.0586 0.0250 -6.05 5.73 
  
The best known and probably earliest cubic relationship is the Topp Equation (Topp 
et al. 1980). Topp’s model was general and applicable for all types of soils.  However, 
some researchers obtained some anomalies on Topp’s model. Baran (1994) found 
that the Topp Equation was valid for loosely compacted crushed rock (1.5 g/cm3) and 
for clay subgrade material with a dry density of 1.85 g/cm3 only. It was unsuitable for 
crushed rock compacted to 2.0 g/cm3.  Moreover, Jiang & Tayabshi (1999) developed 
several empirical formulas based on the same format as Topp and Baran particularly 
for coarse and fine grained soils.  In addition, Ekblad (2007) calibrated an empirical 
formula based on experimental results of two different coarse granular materials 
showing only minimal difference between the two materials. Finally, Ekblad (2007) 
developed one regression equation which was constrained to reach a permittivity of 
80 at saturation of the material 
 
2.2 Experimental study with FRC sensor 
Scheuermann et al. (2009) conducted the two-ended spatial TDR measurements 
(Figure 4) where half of the sensor is saturated in water and half is open to air. 
Although the measurements are conducted from opposite ends of the FRC, the mean 
velocity of both measurements must be equal. This acts as a first indication of the 
quality of the TDR measurement. The reflected voltage from either side is presented 
in Figure 5(a) where difference between saturated and unsaturated zones are quite 
clear. Following that capacitance, permittivity and volumetric water content distribution 
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are presented in Figure 5(b), 5(c) and 5(d) respectively. However, no TDR 
measurements have been done with FRC sensor for the moisture monitoring of road 
base or sub-base material in pavement industry. 
 
Figure 5.  Measurements on a FRC (half of the cable is located in saturated soil): (a) 
reflection data from the top (labelled 1) V1(m)(x, t) and from the bottom (labelled 2) 
V2(m)(x, t) of a FRC,(b) spatial distribution of the capacitance, (c) distribution of the 
real permittivity, and (d) distribution of the volumetric water content. 
3 MATERIALS AND METHODS 
Typical road base materials are collected from the Queensland department of 
transport and main roads (QDTMR). The materials was put in the oven at a 
temperature of 105oC for the duration of 24 hours to obtain oven dry sample. Following 
that Proctor compaction test was done to get the optimum moisture content (OMC) 
data for the typical sample. The material had the OMC and dry density to be 7.8% and 
2270 kg/m3 respectively. Samples were prepared at five different moisture contents 
and two of these are kept higher than OMC and two of them are kept lower than OMC.  
 
Before starting the experiment, a calibration box was prepared to compact the material 
in a closed and controlled environment (Figure 4a). The dimension of the box was 
40cm*15cm*14cm (length*width*height). The dimension was selected with a view to 
keep the electromagnetic signal within the compacted sample in the box. The soil 
sample was compacted in the box in two different horizontal layers for each and every 
MC and the sensor was placed in between the soil layers (Figure 4a). 
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Figure 4. (a) Setting up of FRC in between compacted road base material in wooden 
calibration box (50cm*15cm*12cm), (b) crushed rock material 
 
4   TDR MEASUREMENTS AND DATA ANALYSIS 
 
 
 
Figure 6. TDR ribbon cable (top) and the corresponding pulse wave for different water 
content of crushed rock materials 
 
Some representative TDR measurements are shown in Figure 6 where Y axis shows 
reflected voltage depending on the volumetric moisture in the medium surrounded the 
sensor and X-axis shows the travel time required by the wave pulse travelling along 
the sensor.  
A   B 
A 
B 
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The first local maximum point is termed as initial inflection point (A) representing the 
point at which the pulse enters the ribbon cable from co-axial cable and the following 
local minimum is termed as final inflection point (B) representing the point at which the 
pulse passes the other end of ribbon cable and inters the second co-axial cable at the 
other end. The time difference between the two inflection points gives the time spent 
by the signal travelling along the sensor. The dielectric permittivity of the material 
adjacent to the ribbon cable affects the travel time of the pulse wave. 
In a report for the FHWA, Jiang and Tayabhi (1999) outlined the two main methods for 
interpreting the TDR traces including a reference to Klemunes (1998) and also detail 
the logic used in their interpretation software.  The method of interpretation used in 
this report is the method of tangent (Hore-Lacy et al. 2014). 
3.1   METHOD OF TANGENTS 
The method of tangents uses several tangents to find the most accurate time gap 
between two inflection points (Figure 6). The method of tangent used for this paper 
was adapted from the computer method outlined in FHWA 1999. 
3.2   Developing the tangents 
 First horizontal tangent is placed on the trace at the maximum point A or parallel 
to the trace. 
 The 2nd tangent is placed at the point of maximum gradient between 1st tangent 
and point A.  
 The 3rd and 4th tangents are placed on the trace meeting the point B and on the 
point of maximum gradient for point B respectively. 
 Each tangent is represented as a linear function so the intersection points can 
be calculated to determine the pulse travel time. 
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Figure 7. Travel time calculation of TDR trace by tangent method 
 
4    RESULTS 
 
Once travel time of the TDR pulse wave is determined using tangent method, 
permittivity and VWC are determined with Equation (2) and (3) respectively. The VWC 
and permittivity relationship for FRC sensor are presented in Figure 8 along with other 
models. It is clearly observed that the relationship obtained using FRC sensor for road 
base material is fully harmonized with Topp (1980) model although Topp developed 
this model as a general for all types of soil. Jiang & Tayabshi’s model for coarse 
material is also very close to the result for low to medium permittivities. Baron’s model 
shows lower volumetric water contents with respect to other models. As Baran 
developed the relationship for the granular paving materials with constant density, it 
might be a major issue of variation. 
 
The three dimensional distribution of permittivity, volumetric WC and porosity is 
presented in Figure 9. It is observed that volumetric water content increases with 
increasing permittivity and vice versa. Moreover, permittivity decreases with 
1st Inflection 
point, A 
2nd Inflection 
point, B 
1st Tangent 
2nd Tangent 
3rd Tangent  
4th Tangent 
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decreasing porosity. This three dimensional distribution is fully compatible with Figure 
8 and the theory represented by the Equation 3. 
 
 
Figure 8.  Volumetric water content Vs permittivity at a frequency of 1 GHz 
 
Figure 9. Distribution of Permittivity, Volumetric WC and Porosity of road base material 
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5   CONCLUSIONS 
 
The most significant state variable influencing the stiffness and thus functionality of 
unbound granular materials of pavement is the moisture content. This paper describes 
the determination of moisture content and the development of a calibration relationship 
using TDR method along with FRC sensor for crushed rock which is typically used for 
road base material. The relationship between volumetric water content and electrical 
permittivity for FRC sensor corresponds very well with the well-known Topp (1980) 
model and is very close to other models as well. Moreover, the three dimensional 
distribution of electrical permittivity, volumetric water content and porosity is quite well-
suited with the physical theory. 
 
This non-destructive moisture monitoring method can be operated during pavement 
construction and during the life time, such a system which would give remote real time 
moisture content and other information over the entire life of the road which can be 
used to assess the performance of the road.  
 
Future investigations are planned using a plastic box as calibration container to avoid 
moisture absorption which might be happened to a wooden box. Moreover, tangent 
travel time analysis has some limitations in getting the most accurate travel time 
between the inflection points. This method is also scrutinized and compared with other 
available methods for determining the travel time. Furthermore, other measurements 
techniques are scheduled to be used as well for comparison purposes, such as 
dielectric spectroscopy and ground penetration radar. 
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ABSTRACT 
Moisture content and density of unbound granular pavement materials are important 
properties for compaction control providing a great influence on pavement 
performance. Time domain reflectometry (TDR) usually uses rod probe sensors which 
can provide pointwise readings of density. However, pointwise readings might not be 
representative enough for a complete road section. This paper introduces the 
application of flat ribbon cable (FRC) sensor which can be extended up to 6 meter to 
measure moisture and density of road materials. Soil specific calibration is done in the 
laboratory considering the variation of moisture and density of materials where 
sensors of three different lengths are considered to enable the development of length 
normalized calibration. The electric parameter used to derive soil density is the voltage 
drop which occurs after the passage of an electromagnetic wave along the sensor 
embedded in the soil. Soil moisture is related to the permittivity of the soil sample 
which is obtained from the travel time of the TDR signal. Laboratory results indicate 
that calibration functions are independent of moisture and density. These soil specific 
calibration functions are useful in measuring long term pavement performance and 
managing rutting of roads. 
 
Keywords: Density, road material, FRC sensor, time domain reflectometry. 
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1  INTRODUCTION 
Material properties contributing to pavement performance are significantly influenced 
by moisture content and density. Particularly in post construction period, when the 
moisture content changes, changes in density might be accelerated under cyclic 
loading resulting in permanent deformation (rutting). Although, plenty of studies focus 
on determination of in-situ moisture content using TDR method (Topp et al. 1980, 
Baran E. 1994, Ekblad and Isacsson 2007), very few researchers put their attention in 
density measurement (Siddiqui and Drnevich 1995, Drnevich et al. 2003, Yu and 
Drnevich 2004, Jung et al. 2013, Bhuyan et al. 2017) providing an additional 
information at the place of observation. However, this local measurement might not be 
representative for a complete road section, and several sensors would be needed to 
be able to provide an overall picture. Furthermore, one needs to keep in mind, that the 
interconnection between changes in density of unbound road materials due to cyclic 
loading in flexible pavements and the role of moisture has not been studied yet. 
In this study, laboratory investigations with FRC sensors are presented aiming at the 
development of calibration functions for measuring density. An important aspect in this 
connection is the independence of these functions from the length of the FRC sensor.  
2  MATERIALS AND METHODS 
Unbound granular (UBG) road base material is normally used as a base or sub-base 
material in road construction. In this study, UBG material is used as testing material to 
investigate the suitability of FRC sensors for measuring density. The material was 
manufactured at a quarry in South-East Queensland to the C grading classification 
according to MRTS05 (UBG, DTMR, 2015). The sample was manufactured using a 
fine grained contact metamorphic source rock of hornfels origin. Primary mineralogy 
of the rock consists of 32 to 58% feldspar, 6 to 13% quartz, 4 to 19% microcrystalline 
feldspar, 3 to 6% epidote and 1 to 4% calcite. Moreover, the sample has roughly a 
volume of 26% soft, deleterious minerals including 15 to 21% biotite mica, 3 to 6% 
sericite, 1 to 4% limonite, 1 to 4% chlorite and trace amounts of pyrite. 
The optimum moisture content (OMC)-maximum dry density (MDD) relationship and 
Atterberg limits were determined in accordance with the DTMR Material Testing 
Manual 2014. The OMC and MDD of the material was determined to be 8.3% and 
Bhuyan, Scheuermann, Bodin, Bore, Chen, Nguyen Paper V 
 
 
191 
 
2160 kg/m3 respectively. The fine fraction of the sample had a liquid limit of 22.6%, 
plasticity index of 5.0% and linear shrinkage of 5.0%.  
2.1 Preparation of Calibration Box and FRC sensors 
The laboratory calibration box (Figure 2) was constructed of 14 mm thick polyvinyl 
chloride (PVC) with internal dimensions of 557 x 155 x 159 mm (length x width x 
height). The box was placed within a steel frame during sample compaction and 
removed from the frame prior to testing to avoid the influence of the imposed 
electromagnetic wave pulse. The UBG material was compacted within the calibration 
box in three horizontal layers. The electromagnetic field does not exceed 30 mm and 
thus is not influenced by the walls of the calibration box (Suwansawat, S., and Benson 
1999) as the distance between sensor and box was 55 mm for all experiments. 
Moreover, the sensors were placed horizontally in between layers with thicknesses of 
the top and bottom UBG layers of approximately 50 mm. In order to take into account 
the influence of the length of the sensor on the propagation of an electromagnetic 
wave, FRC sensors of three different lengths (12 cm, 24 cm, and 40 cm) were 
prepared as shown in Figure 1. Details of the sensor preparation and working 
methodology of the FRC sensor can be found in Scheuermann et al. (2009). 
 
Figure 1. FRC sensors of three different lengths 12 cm, 24 cm, and 40 cm with black 
boxes to secure transition from coaxial cable to sensor 
2.2 Soil compaction in calibration box 
The soil sample was compacted in the box in three horizontal layers. Initially, a 50 mm 
horizontal layer of soil was compacted and two sensors (12 cm and 24 cm) were 
placed upon the soil layer as shown in Figure 2(a). Afterwards, another 50 mm 
horizontal layer of soil was compacted and the third sensor (40 cm) was placed upon 
the soil layer as given in Figure 2(b). Finally, the last horizontal layer with a thickness 
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of 50 mm of soil was placed and compacted upon the sensors and the system become 
ready for TDR measurements. 
 
 
Figure 2. Placement of (a) 12 cm and 24 cm sensors after first layer compaction and 
(b) 40 cm sensor after compaction of second layer  
2.3 Observation of TDR measurements 
Based on the compaction curve defining the optimum moisture content and maximum 
dry density of the material, different moisture and density variations have been 
considered in the experiment. In one set of measurements, the moisture varied from 
4% to 10%, while keeping the density fairly constant. In another set, the density ranged 
from 8% to 100% of maximum dry density while keeping the gravimetric moisture 
content as constant as possible. In both cases, volumetric moisture content increases 
with increasing gravimetric moisture content as well as dry density of the material. 
Results of TDR measurements are presented in Figure 3(a) and 3(b) for the 40cm long 
FRC sensor. 
The TDR wave pulse – also called TDR trace – represents normalised voltage 
reflections and is measured in time. It is comprised of multiple reflections, dielectric 
dispersion as well as attenuation from the conductive loss of the surrounding material 
and cable resistance (Chen et al. 2009). The TDR trace significantly changes at two 
locations measured at different times. The first change occurs at the transition of the 
a 
b 
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coaxial cable to the FRC sensor marking the starting point of the sensor (point A in 
Figure 3(a)) where the reflection increases due to impedance mismatch. The second 
change happens at the end of the FRC sensor marked point B showing the overall 
loss of voltage along the length of the sensor reaching the lowest reflection.  
 
 
Figure 3. Variation of TDR traces for (a) varying moisture content while density is kept 
constant and (b) varying density while moisture content is kept constant 
A 
B 
V1 V2 
a 
b 
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The peak value of the reflection at the starting point of the 40 cm sensor for 8.5% 
moisture and 100% density is termed V1 whereas the overall voltage loss from point 
A to point B of the sensor is termed as V2 (see Figure 3b). The combination of V1 and 
V2 represents the dimensionless reflection coefficient representative for the complete 
sensor. V1 and V2 can easily be identified in the TDR trace. As can be seen in Figures 
3(a) and 3(b), the overall voltage loss V2 increases significantly with increasing dry 
densities as well as moisture contents.  
3   DATA ANALYSIS AND RESULTS 
3.1 Effect of sensor length on TDR measurements 
Figure 4 shows the variations in TDR traces with constant moisture content and 
density where longer sensors show a higher voltage loss compared to shorter sensors. 
This observation shows that the sensor length has a significant effect on the overall 
voltage loss. As changes in parameter V2 with changing material properties are 
considerably larger compared to V1 (see Figures 3a and 3b), V2 basically determines 
the normalized voltage ratio, (V2/V1).  
 
Figure 4. Variation of TDR pulses for varying sensor length while density and moisture 
are kept constant 
V1 V2 
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Figure 5 shows the voltage ratio over the sensor length for different moistures and 
constant density. It is found that the ratio V2/V1 shows a linear relationship with the 
length of the sensor. From this perspective, it can be stated that the overall voltage 
drop changes significantly not only for changing material properties but also sensor 
length. As a consequence, the sensor length needs to be considered together with the 
material properties in the development of a calibration function for calculating density. 
 
Figure 5. Voltage ratio V2/V1 over the length of the sensor 
3.2 Permittivity Calculation 
The TDR trace can easily be analyzed to obtain the travel time of an electromagnetic 
wave along the sensor. TDR traces become wider with increasing moisture as well as 
density (Figure3a and 3b). It basically means that the electromagnetic wave requires 
more time to travel along the sensor. Starting and ending point of the sensor can be 
located within the TDR trace with tangents drawn as shown in Figure 6. The time 
between the intersection points of the tangents constructed at the starting and ending 
point of the TDR trace is termed travel time. Detailed information about the tangent 
method can be found in Bhuyanet al. (2017). The travel time is then used to determine 
the combined capacitance, which can be recalculated into the permittivity with suitable 
capacitance models representing the electric characteristics of the sensor 
(Scheuermann et al. 2009). 
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Figure 6. Travel time calculation using tangent method 
 
3.3 Development of Calibration function 
Four parameters or parameter combinations are considered in empirically developing 
the calibration function. Voltage drop, densities of water and soil, permittivity and 
length of sensor. Since the voltage drop is influenced by the bulk density of the soil, it 
seems to be obvious to relate the voltage ratio with the bulk density and the density of 
water to create the dimensionless number (V2/V1)*(ρw/ρb) named as voltage and 
density normalization. The permittivity is dominated by the water content and 
independent of the sensor length. The overall voltage loss, however, is strongly 
dependent of the sensor length. Therefore, as a first step (V2/V1)*(ρw/ρb) is plotted 
against the permittivity multiplied by the length of sensor. The plot shows a linear 
relationship with a good regression coefficient forming the basis for the calibration 
function (Figure7). 
Travel Time 
Bhuyan, Scheuermann, Bodin, Bore, Chen, Nguyen Paper V 
 
 
197 
 
 
Figure 7. Development of calibration function using normalization concept 
3.4 Calculation of bulk density 
The calibration function to calculate bulk density can be written as follows: 
( 2 / 1) / 0.047( 8 0.03 4) 9w bV V l                        (1) 
Equation (1) can be rewritten in the following form as equation (2) to obtain bulk density 
directly when the voltage normalization (V2/V1), density of water ( w

), Permittivity (
), and length of sensor (l) are known from TDR measurements. 
( 2 / 1)*
0.0478* *  0.0394
w
b
V V
l


 
                (2) 
When density is obtained, it is easy to calculate moisture content using volumetric 
water content and density relationship (discussed in detail by Bhuyan et al., 2017). 
3.5 Laboratory Justification 
A different set of data was prepared for validating the density calibration function. In 
these experiments, density variation range from 80% to 100% of MDD, and three 
different sensors have been considered. The 1-1 line is drawn to visualize the 
correlation which shows that most of the points fall very close to the 1-1 line (Figure 
8). Statistical analysis shows that percent error is approximately 3.5% between 
calculated and measured values. 
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R² = 0.9548
0
0.1
0.2
0.3
0 2 4 6 8
(V
2
/V
1
)*
(ρ
w
/ρ
b
)
Permittivity*Length of Sensor
Bhuyan, Scheuermann, Bodin, Bore, Chen, Nguyen Paper V 
 
 
198 
 
 
Figure 8. Comparison of measured and calculated density values 
4   CONCLUSIONS 
The use of FRC sensors for measuring density of road materials is new and offers 
multiple potential applications in geotechnical engineering. Although, rod probe 
sensors are capable of measuring density at single points, the use of FRC sensors 
has the potential to provide a more representative average value along the sensor. In 
the presented paper, laboratory experiments have been conducted to develop a 
calibration function for calculating an average value of density along the sensor.  
The overall voltage drop along the sensor changes significantly not only for changing 
material properties as moisture and density, but also with changing length of the 
sensor. Because of this reason, the length of the sensor needs to be included in the 
calibration function. The calibration function developed within this study includes the 
densities of the bulk soil and water, as well as permittivity and voltage loss. 
The calibration function was tested with another set of measurements showing a 
satisfactory agreement between calculated and measured densities. In future 
investigations, FRC sensors will be installed in real roads and laboratory wheel tracker 
experiments to investigate their performance for transiently changing density 
conditions. Potentially, these sensors will provide useful information to optimize the 
management of roads and to minimize rutting. 
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ABSTRACT 
Moisture content and density of unbound granular pavement materials are significant 
properties for compaction control providing a large effect on pavement performance. 
Time domain reflectometry (TDR) usually uses rod probe sensors, which can provide 
pointwise readings of moisture and density. However, pointwise readings might not be 
representative enough for a complete road section. This paper introduces the 
application of flat ribbon cable (FRC) sensor that can be extended up to 6 meter to 
measure moisture and density of road materials. Soil specific calibration is done in the 
laboratory considering the variation of moisture and density of materials where 
sensors of three different lengths are considered to enable the development of length-
normalized calibration. The electric parameter used to derive soil density is the voltage 
drop, which occurs after the passage of an electromagnetic wave along the sensor 
embedded in the soil. Soil moisture is related to the permittivity of the soil sample, 
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which is obtained from the travel time of the TDR signal. Laboratory results indicate 
that calibration functions are independent of moisture and density. These soil specific 
calibration functions are useful in measuring long-term pavement performance and 
managing road deformations. 
Keywords: TDR, FRC sensor, Moisture content, Density, Road materials, Calibration 
functions, Field Instrumentation. 
 
1 INTRODUCTION 
Material properties contributing to pavement performance are significantly influenced 
by moisture content (MC) and density. Every year in Australia, roads are damaged by 
heavy vehicles when MC of the unsaturated zone has reached a critical value because 
of heavy rainfall as well as frequent flooding. Particularly in post construction period, 
when the MC changes, changes in density might be accelerated under cyclic loading 
resulting in permanent deformation (rutting).  
Time Domain Reflectometry (TDR) is a remote sensing electrical measurement 
technique that has been used for many years for various purposes (1). It was used in 
telecommunication and computer network for localizing damages in long coaxial 
cables. Nowadays, it is widely used in civil and agricultural engineering for monitoring 
soil moisture, localized deformation of rock and soil and monitoring structural 
deformation as well. 
 Although, plenty of studies focus on determination of in-situ MC using Time Domain 
Reflectometry (TDR) method (2-5); very few researchers put their attention in density 
measurement (6-12). However, they all are concerned about pointwise measurement 
and this local measurement might not be representative for a complete road section, 
and several sensors would be needed to be able to provide an overall picture. 
Furthermore, the interconnection between changes in density of unbound road 
materials due to cyclic loading in flexible pavements and the role of moisture has not 
been studied yet. 
Bhuyan et al. (2017) introduced robust method for determining field density as well as 
moisture using standard rod sensor CS610L. This method provides field moisture and 
density at a particular point; however, it is not suitable to get representative moisture 
and density information over a long section like section of a road. 
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In this study, laboratory investigations with FRC sensors are presented aiming at the 
development of calibration functions for measuring both, moisture and density. STDR-
65 pulse generator rather than TDR100 is used in this study and hence it is called the 
STDR method. The calibration function is independent of moisture and compaction 
energy. Initial and final voltage drop associated with the passage of electromagnetic 
(EM) wave through the soil sample is considered as the fundamental criteria to 
calculate density. Calibration functions are developed considering voltage drop 
normalization, density normalization, permittivity of soil and length of sensor. An 
important aspect in this connection is the independence of these functions from the 
length of the used sensor. Finally, in-situ moisture and density measurements by real 
field instrumentation are presented here as well for the validation of the calibration 
function developed in laboratory.  
2 DEMONSTRATION OF THE FRC SENSOR  
The FRC sensor was first introduced by Scheuermann et al. (2009) to investigate the 
moisture movement in an embankment prepared artificially with loamy soil. The FRC 
sensors used in the presented study consists of three copper wires covered with 
polyethylene insulation as shown in Figure 1(a). In this study, FRC sensors have been 
used to calibrate density of road base materials in the laboratory that would be 
eventually useful to obtain a representative density over a certain section of the real 
road.  
    
 
c 
a b 
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Figure 1 (a) FRC cable consists of copper wire with polyethylene insulation connected 
with co-axial cable, (b) completed one end ribbon cable sensors of different lengths, 
(c) equivalent circuit where V(x) and I(x) are the voltage and the current at the 
beginning of the line, and (d) capacitance model of the FRC sensor. 
The advantage of FRC sebsor is the reduction of the influence from the electrical 
conductivity on the wave propagation (13). This permits the use of FRC sensor with 
lengths of up to 40 m, if mean water contents are measured and 6 m, if the aim is to 
measure a profile of MC (14). Ribbon cable can be installed easily during the 
construction period. In order to identify the time dependent response of the sensor, 
the properties of the EM transmission line are measured by laboratory experiments or 
calculated by numerical methods based on the equivalent circuit of an infinitesimal 
section of a transmission line (Scheuermann et al. 2009)(Figure 1c). The equivalent 
parameters of the circuit are the series resistance R, inductance L, shunt conductance 
G and capacitance C. Both L and R are parameters, which are assumed constant 
along the sensor, whereas C and G are dependent on the dielectric properties of the 
material surrounding the FRC sensor (15). Variations of the capacitance are obtained 
from the capacitance model of the sensor shown in Figure 1(d) where capacitance C1 
considers the influence from the permittivity of the surrounding soil, capacitance C2 
takes into account the influence of the insulation between conductor and material 
surrounding the sensor, and capacitance C3 considers the influence between the 
conductors. Variations of conductance G are obtained from TDR measurements which 
affects voltage drop. Details of the FRC sensors and working principle can be found 
in the Scheuermann et al. (2009).  
2.1 Travel time determination for TDR measurements with FRC sensor 
Federal highway administration, FHWA (1998) published several methods for 
determining travel time of the EM wave along the sensor. Among the methods, method 
d 
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of tangents has been used in this study to get travel time from TDR trace (Figure2). 
Method of tangent is described in the following to get the travel time. The initial 
inflection point (point A) originates where the coaxial cable connects to the head of the 
FRC sensor. This inflection point is located at the intersection of the horizontally sloped 
line prior to the increase in voltage and the positively sloped tangent to the increase in 
voltage. The final inflection point (point B) originates at the end of the FRC sensor 
located at the intersection of the tangents drawn on both sides of the local minimum. 
The time gap between point A and B defines travel time of the EM wave through the 
sensor. 
Laboratory testing is required to determine the travel time of the material from the 
coaxial cable to the beginning of the actual sensor. Sensor head (rectangular block), 
point of joining the coaxial cable and sensor plays an important role here in travel time 
analysis (Figure2). This travel time is subtracted from the total travel time to provide a 
better approximation of the effective travel time.  
 
Figure 2: Typical TDR trace with FRC sensor to get the tangent travel time 
 
 
A 
B 
Bhuyan, Scheuermann, Bodin, Becker            Paper VI 
 
 
207 
 
2.2 Dielectric permittivity calculation with FRC sensor 
The dielectric permittivity of the soils – as a mixture of the phases of soil, water and 
air – indicates the amount of moisture in the soil. The permittivity of a soil sample is 
high when the sample has a higher moisture content. When travel time is obtained 
from the tangent method shown in Figure 2, it is ready to calculate velocity of TDR 
pulse using equation 1 where length of the sensor is known. Moreover, mean 
capacitance C(εm) can be calculated from this relationship where impedance of the 
FRC sensor, L=7.56*10-8 is constant (13). 
   
   
1
( )
* ( )m
Length of ribbon cable
One way travel time
V Velocity
L C 
       (1) 
Material dielectric permittivity, m  can be calculated from equation 2 with known C(εm) 
where capacitances C1 = 3.4*10-12, C2 = 323*10-12, C3 = 14.8*10-12 (Farad/meter) are 
constant for fixed geometry of sensor (13). 
 
*
*
1* 2
3
1 2
C C
C
m
m
m
C C
C



 

               (2) 
2.3 Volumetric water content (θv) calculation 
A literature review shows that there are numerous relationships available for 
calculating volumetric water content (θv) from permittivity (ε) based on TDR 
measurements. Topp et al. (2) developed a general cubic relationship for a large 
variation of soil types whereas Baran (1994) (4) and Ekblad and Esacsson (2007) (5) 
developed cubic relationships specifically for crushed rock materials as shown in 
Equation (3). 
2 3
1 2 3
v a a a a
o
                       (3) 
Where ao to a3 are cubic equation coefficients and ε is the permittivity. 
3 MATERIALS AND METHODS 
The unbound granular (UBG) road material was investigated in this study. This typical 
material is normally used in the construction of base or sub-base layers of pavement. 
The material was well-graded gravel (GW) according to the specification prescribed 
by department of transport and Main Roads (MRTS05). Moreover, the particle size 
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distribution (PSD) with clear identification of silt, sand and gravel according to unified 
soil classification system has been presented in the Figure 3.  
 
Figure 3 Particle size distribution of the road base material used as test material 
3.1 Calibration Box 
The calibration box was fabricated in the laboratory with 14 mm thick polyvinyl chloride 
(PVC) sheet where the internal dimensions are 557 mm x 155mm x 159 mm (length x 
width x height). The material was compacted in the calibration box in three horizontal 
layers. To avoid an interference of the EM field with the ground surface and bottom of 
the box, the layers of the test material were chosen to be approximately 40 mm thick 
where the sensors were placed in between the layers shown in Figure 4(a-c). It is 
mentionable that the EM field around the sensor does not exceed 30 mm 
(Suwansawat et al. 2009), which is smaller than the distance of the outer edge of the 
sensor to the wall of the box. It is mentionable that measurement is taken separately 
for each length of the sensor to avoid the interference of the EM field. 
3.2 TDR Measurements 
For deriving the relationship between material properties and signal of the sensors, 
calibration tests need to be conducted. Similar to proctor and modified proctor 
compaction tests, soils with different water contents and density are compacted in a 
chamber with a sensor, which is used to measure the dielectric properties of material. 
The TDR device produces an EM signal which travels first through the coaxial cable 
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and then along the sensors. At the end of the sensor, the signal is reflected and travels 
back to the TDR device. The so-called TDR trace, which is the time dependent 
reflection during the time of travel of the EM wave, is stored in the notebook computer. 
Because of the impedance mismatch at the transition from coaxial cable to sensor, 
part of an incident EM wave is reflected at the beginning of the probe and the 
remainder of the wave propagates along the sensor until it reaches the end, where the 
wave is reflected.  The round-trip time or travel time, t of the wave, from the beginning 
to the end of the sensor, is measured using the TDR device (16). 
 
 
 
Figure 4 (a) Cross section of the calibration box showing roughly the position and gap 
of FRC sensors, (b) placement of 12 cm and 24 cm sensor on the 40 mm soil layer 
and (c) placement of 40 cm sensor on the 80 mm soil layer 
The total TDR wave pulse comprises of multiple reflections, dielectric dispersion as 
well as attenuation from the conductive loss of the soil surrounding the sensor and the 
40 mm 
40 mm 
40 mm 
a 
c 
b 
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cable resistance (21). The whole TDR trace significantly changes in two areas with 
changes in the amplitude of the reflections. The ratio of voltage difference between 
the end of the co-axial cable and the entrance of the sensor (V1) is obtained measured 
from zero reflection line. Another ratio of the voltage drop parameter can be found at 
the end of the sensor (V2) measured from the zero reflection line. Voltage drop ration 
(Vd) for every measurement is obtained from the voltage difference V1 and V2. It is 
mentionable that source voltage ration (Vs) travels through the co-axial cable and is 
measured from zero reflection line as well. All the values are presented in Figure 5(a) 
& (b). Vs, V1 and V2 are recorded simultaneously with the measurement of the TDR 
pulse while laboratory experiments are implemented. 
 
a 
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Figure 5 TDR pulse showing voltage level as a reflection amplitude of road base 
material for the (a) different density with constant water content for the FRC sensor of 
12 cm long, (b) different water content with constant density for the FRC sensor of 24 
cm long 
Table 1 shows three sets of experimental data with TDR measurements. The dataset 
shows three gravimetric MCs as 4.2%, 6.6 % and 8.1% keeping the dry density 
variation roughly constant from 80% to 100% of maximum dry density. Vs, V1 and V2 
are recorded simultaneously from TDR measurements for different sensor lengths for 
instance 12 cm, 24 cm and 40 cm. Travel time is calculated using tangent method 
shown in Figure2. Following that velocity, mean capacitance and permittivity are 
calculated using equation (1) and (2).  
 
 
 
 
 
 
b 
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Table1: Laboratory calibration and TDR data 
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4.2% 
80 0.022 0.339 0.311 0.12 2.009 1.759 1.4E+08 7.1E-11 5.782 
85 0.022 0.319 0.285 0.12 2.098 1.848 1.3E+08 7.8E-11 6.603 
90 0.021 0.312 0.271 0.12 2.151 1.901 1.3E+08 8.3E-11 7.135 
95 0.021 0.303 0.265 0.12 2.173 1.923 1.2E+08 8.5E-11 7.367 
100 0.02 0.3 0.258 0.12 2.183 1.933 1.2E+08 8.6E-11 7.475 
6.6% 
80 0.006 0.35 0.283 0.24 3.67 3.47 1.4E+08 6.9E-11 6.575 
85 0.009 0.334 0.252 0.24 4.053 3.853 1.2E+08 8.5E-11 7.405 
90 0.011 0.327 0.222 0.24 4.324 4.124 1.2E+08 9.8E-11 8.990 
95 0.011 0.314 0.191 0.24 4.51 4.31 1.1E+08 1.1E-10 10.253 
100 0.012 0.298 0.149 0.24 4.81 4.61 1E+08 1.2E-10 12.665 
8.1% 
80 0.014 0.34 0.222 0.4 6.267 6.267 1.3E+08 8.1E-11 6.921 
85 0.014 0.325 0.18 0.4 6.915 6.915 1.2E+08 9.9E-11 9.151 
90 0.013 0.307 0.146 0.4 7.35 7.35 1.1E+08 1.1E-10 11.01 
95 0.013 0.291 0.119 0.4 7.924 7.924 1E+08 1.3E-10 14.026 
100 0.013 0.273 0.096 0.4 8.212 8.212 9.7E+07 1.4E-10 15.867 
 
3.3 Observations of the TDR data and Development of density function 
Reflected TDR pulses provide reflection coefficient in the form of ratio of reflected and 
transmitted voltage as V1, V2 and Vs parameters. Graphically, Figure 6(a) shows that 
voltage ratio increases with increasing sensor length while the moisture and density 
of materials are kept constant. Figure 6(b) illustrates that the voltage ratio for each 
density increase with an increase of MC of materials. Same fashion is noticed in Figure 
6(c) where voltage ratio for each MC increases significantly with increasing density of 
materials.  
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Figure 6 Variation of Voltage drop for the changes of (a) sensor length independent of 
moisture and density, (b) MC and (c) density independent of sensor length; (d) 
calibration function derived from voltage and density normalization over permittivity 
and LN(sensor length). Note: Density of water, ρw=1000 kg/m3 (assumed), ρb = bulk 
density of soil. 
Considering the variations of these parameters, Vd/(V1-Vs)*(ρw/ρb) named as voltage 
and density normalization is plotted against the permittivity multiplied by Ln(sensor 
length) as shown in Figure 6(d). Using this relationship, density of road base material 
can be directly calculated using known parameters names as V1, V2 and Vs obtained 
from TDR pulse where permittivity values are obtained from travel time analysis.  
4 RESULTS and DISCUSSIONS 
4.1 Calculation of bulk density (ρb) 
From the developed calibration relationship Figure 6(d), equation (4) has been 
obtained. Rearranging this relationship, formula (5) for the bulk density can be 
obtained easily. 
  256 10 ln 0.0097 ln( ) 0.0597
1
V
d w L L
V V
s b

 

         

          (4) 
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  256 10 ln 0.0097 ln( ) 0.05971
V
d w
b V V L Ls


 
 
        
          (5)
              
4.2 Volumetric Water Content-Permittivity relationship 
Volumetric water contents obtained from laboratory calibration are plotted against 
permittivity values from TDR measurements (Figure7). Data sets of both moisture and 
density variation of three different sensors are presented to strengthening the 
proposed calibration function. Second order polynomial function shows the best fit of 
the moisture and density data shown in Figure 7. 
 
Figure 7 Volumetric water content - Permittivity relationship with reputed models 
The new calibration function shows very good correlation with Ekblad and Isacsson 
(2007) (4) and Baran (1994) (5) especially with Ekblad and Isacsson (2007) model. 
These two models were developed particularly for characterizing crushed rock 
materials used as road base or sub-base materials. More precisely, the statistical 
analysis provides R-square and root-mean-square error (RMSE) results of the 
proposed calibration with other models (4-5). As the Topp et al. (1980) model was 
developed independent of soil types; the proposed calibration for crushed rock is 
y = -0.0214x2 + 1.7736x - 1.7434
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located far from the Topp et al. (1980) model, which does not justify a comparison 
between these two models. The new developed calibration function is used in this 
study to calculate the volumetric water content from permittivity values. 
4.3 Calculation of gravimetric water content ( ) and dry density ( d ) 
Once volumetric water content ( v ) using Equation (6) and density using Equation (5) 
are obtained, gravimetric water content and dry density can be obtained using 
Equation (7). Dry density is obtained dividing the bulk density by gravimetric water 
content whereas gravimetric water content is obtained dividing the volumetric water 
content dividing by dry density. 
20.0214* 1.7736* 1.7434v                    (6) 
1
bv
d

   

   

               (7) 
4.4 Laboratory Validation and comparison with Bhuyan et al. (2017) method  
Second set of experiment was done to verify the laboratory calibration equation 
obtained from the first set of experiment. Figure 8(a) and 8(b) illustrate the moisture 
and density data of three different sensors obtained from laboratory gravimetric tests 
as well as TDR measurements. Figure 8(a) shows the comparison of density values 
between laboratory observations and TDR measurements of different MC. Moisture 
data ranging from 4.4% to 6.6% shows upward trend whereas moisture data of 8.11% 
and 9.17% shows downward trend. The possible reasons can be explained using 
OMC as the reference. Moisture data below the OMC cross the 1-1 line positively with 
increasing density from 80% to 100% of maximum dry density. On the contrary, 
moisture data above the OMC cross the 1-1 line negatively with increasing density 
from 80% to 100% of maximum dry density. Figure 8(b) illustrates the comparison of 
the gravimetric moisture values between laboratory observations and TDR 
measurements for different sensor lengths. Although, majority of the density data lies 
above 1-1 line, opposite trend is observed for moisture data. Overall, TDR method 
slightly overestimates density and underestimates gravimetric MC compared to 
laboratory observations. In addition, percent error calculating 1.8 and 4.0 for density 
and MC respectively shows that method of measuring gravimetric MC with FRC 
sensor is accurate and trustworthy. 
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In order to compare the presented results from the suggested TDR method, results 
from recent studies have been reviewed. Yu et al. (2004) presented methodology for 
determining soil water content and dry density using a single TDR measurement, 
which is an improvement over that described in ASTM D6780 (2003). This method 
highlights on simultaneous measurement of permittivity and bulk electrical conductivity 
on the same soil sample. Finally, a one-step TDR method was developed taking 
temperature into account, which was fast, accurate and safe for compaction quality 
control, but not for the long-term monitoring of changes in moisture and density. Jung 
et al. (2013) presented methodology for measuring moisture and density using voltage 
drop concept with TDR measurements. Since they focused on fine-grained soils 
without gravel content, results could not be compared with the presented study. 
Bhuyan et al. (2017) introduced robust method for determining not only field density 
and MC but also real field monitoring technique using standard rod sensor CS610L. 
Moreover, Bhuyan et al. (2017) compared field moisture and density data with one-
step TDR method and got very good agreement. Because of this reason, the results 
obtained from this study has been compared with Bhuyan et al. (2017). 
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Figure 8 Comparison of calculated TDR results with laboratory measurements for (a) 
density and (b) gravimetric MC; with Bhuyan et al. (2017) method for (c) density and 
(d) gravimetric MC determined by rod sensor 
Figure 8(c) and 8(d) demonstrate the comparison of density and MC respectively 
between TDR measurements and the Bhuyan et al. (2017) method. It is mentionable, 
new TDR method used FRC sensor where as Bhuyan et al. (2017) method used rod 
sensor. From the observations, it is clear that new TDR method performs similar to 
Bhuyan et al. (2017) method as the moisture and density data lie very close to the 1-
1 line Figure 8(c&d). Moreover, the new TDR method somewhat overestimates density 
values and underestimates moisture values compared to Bhuyan et al. (2017) method. 
In addition, statistical analysis mentioning R-square and percent error confirms the 
applicability of the new TDR method in the field. Particularly, variation of density for 
changing moisture conditions under traffic loading can be achieved and further used 
for field monitoring purposes using the new TDR method. 
4.5 Field Instrumentation and validation with measured data: 
A new lane with 6.0 m width was constructed along with the Cunningham highway at 
Maryvale, Queensland, Australia to support a new truck stand. The sub-base layer, 
325 mm from top (Figure 9a) and base layer, 175 mm from top (Figure 9b) of the newly 
constructed lane is instrumented with rod probe as well as FRC sensors. Minimum 
clear spacing of 0.5 m between sensors is always kept to ignore the influence of EM 
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wave and the co-axial cables were arranged together to attach with the TDR system. 
TDR readings were taken on June 2015 at the time of construction and on May 2016 
after one year later of construction. For validation purposes, field gravimetric MC was 
measured by digging the layer of roads and field density was measured by nuclear 
density gauge at the monitored sections. 
    
  
Figure 9 Road instrumentation with FRC and Rod sensors at (a) base and (b) sub-
base layers; comparison of field observations and TDR measurement values for (c) 
density and (d) MC (MC) at the sensor locations. 
Figure 9(c) and 9(d) illustrate the comparison of field density and moisture with the 
TDR measurements respectively. TDR method shows relatively higher density and 
moisture values compared to the field observations. Accuracy of the development of 
calibration function might be the possible reason of this small difference. Statistical 
analysis is done to compare the results as well. Although, the density and moisture 
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points of TDR measurements fall below the 1-1 line, R-square and percent error are 
quite reasonable with field data. 
4.6 Comparison with Rod sensor data (Bhuyan et al. 2017) 
A possible explanation for the observed difference is that air gaps or pockets might be 
formed in between the connection of sensor and sensor head. Moreover, the variation 
may be due to small differences in material types, grading or other aspects. In addition, 
sub-base layer was constructed one month earlier than the base layer; however, 
measurements were taken on the same time after completion of the base layer. Apart 
from that, one needs to keep in mind that also nuclear density gauge is an indirect 
method, which might not produce accurate field measurements. Future investigations 
are required to be able in improving the analysis procedures and to identify possible 
errors in field applications.  
5 CONCLUSIONS 
The most substantial state variable persuading the functionality of unbound granular 
pavement is the MC. With changes in MC, changes in density enhances especially 
under cyclic loading with heavy vehicles. This paper introduces the application of a 
new sensor, which provides accurate in-situ MC and density values using TDR 
method. 
The developed permittivity-volumetric water content (VWC) relationship with new FRC 
sensor matches very well with the well-known established models (4-5). Furthermore, 
moisture and density values calculated from laboratory developed calibration functions 
provide good correlation and agreement with the results obtained from direct 
laboratory measurements.  
The Bhuyan et al. (2017) method works well for the pointwise measurement. However, 
the new TDR method proposed in this study provides not only pointwise but also 
average values along the sensor. FRC sensors having two to six meters long installed 
in the field provide accurate moisture and density information. Sensor length 
normalization in developing calibration functions brings the success of accurate non-
destructive field measurements with FRC sensors of different lengths.   Once sensors 
are installed in the field, measurements can be taken at any time in any circumstances 
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providing real moisture and density data for the assessment of the performance of 
roads in-situ. 
Results from the real field instrumentation signpost the potential of applicability of the 
new method. The comparison between calculated data based on TDR with measured 
data either through sampling or through using a nuclear gauge show a good, but yet 
not brilliant performance of the new method. It will be the future task to further collect 
data in laboratory to improve the performance of the presented method and to 
implement field trials or large scale experiments with sampling campaigns under 
controlled moisture and density conditions to identify possible errors especially in the 
installation and performance of the analysis. Moreover, analysis would be done in 
depth to get the moisture and density profile with spatial resolution for example values 
at every 0.5 meter with a view to identify the possible change of material density for 
water movement an any direction. A monitoring tool providing reliable moisture and 
density data will offer road authorities the opportunity to improve the management of 
roads especially under vulnerable moisture conditions. 
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Abstract 
Knowledge of the frequency dependent electromagnetic properties of coarse grained 
materials is imperative for the successful application of high frequency 
electromagnetic measurement techniques for near and subsurface monitoring. This 
paper reports the design, calibration and application of a novel one port large coaxial 
cell for the broadband complex permittivity measurements of civil engineering 
materials. It was designed to allow the characterization of heterogeneous material with 
large aggregate dimensions (up to 28 mm) over a frequency range from 1 MHz to 860 
MHz. In a first step, the system parameters were calibrated using the measured 
scattering function in perfectly known dielectric material in an optimization scheme. In 
a second step, the method was validated with measurements made on standards 
liquids. Then, the performance of the cell was evaluated on a compacted coarse 
grained soil. The dielectric spectra were obtained by means of fitting the measured 
scattering function using a Transvers electromagnetic mode (TEM) propagation model 
considering the frequency dependent complex permittivity. Two scenarios were 
systematically analyzed and compared. The first scenario consists in a broadband 
generalized dielectric relaxation model (GDR) with two Cole-Cole type relaxation 
processes related to interaction of aqueous phase and solid phase, a constant high 
frequency contribution as well as an apparent direct current conductivity term. The 
second scenario relies on a three phase theoretical mixture equation which was used 
in a forward approach in order to calibrate the model. Both scenarios provided almost 
identical results for the broadband effective complex relative permittivity. The 
combination of both scenarios suggest simultaneous estimation of water content, 
density, bulk and pore water conductivity of road base materials for in situ applications. 
Bore, Bhuyan, Bittner, Murgan, Wagner, Scheuermann          Paper VII 
 
 
227 
 
Keywords: dielectric spectroscopy, coarse grain soil, coaxial cell, relaxation model, 
mixture equation  
1. INTRODUCTION  
The water content of base or sub-base materials of pavements greatly influences the 
performance of the overall pavement. The increase of water content, for example, can 
cause severe deterioration of the pavement structure by the expansion of clay 
minerals with consequently decrease in its bearing capacity. In coastal regions, soil 
water salinity causes corrosion and alters the properties of the road materials and the 
bituminous surface layer. According to a study implemented by the Queensland 
Government, salinity causes huge decreases in the lifespan of road pavements when 
saline groundwater levels rise to within 2 meters of the pavement surface. Moreover, 
capillary action supported by evaporation and the cyclic mechanical loading due to 
bypassing vehicles assist to drive the salt-laden water to the surface of the pavement. 
Concentration of salts within unbound granular road pavements has been shown to 
cause damage to thin bituminous surfacing resulting in debonding, cracking and 
blistering of the surfacing [1]. It is also recommended that salt damage mechanisms 
are influenced by climate, hydrogeology, geology, material characteristics, and 
pavement surfacing design including the construction practice [2]. Salt concentrations 
in surplus of 500 – 1,500 μS/cm are commonly considered to be necessary to cause 
damage to thin bituminous surfacing, depending on the type of surfacing [3]. The 
National Land and Water Resources Audit (NLWRA 2000) indicates that around 5.7 
million hectares are at risk by dryland salinity. By the year 2050, this could increase to 
17 million hectares. Moreover, NLWRA 2000 reveals that Transport Infrastructure are 
at high risk in Australia where around 20,000 km of roads and 1,600km of railways are 
already affected by salinity. The length of roads located within salinity affected areas 
(19,900km) represents around 2.5% of the total road length in Australia for all road 
types (811,603 km). 
In various field experiments, remote high frequency electromagnetic methods such as 
Time Domain Reflectometry (TDR) is currently used to assess water content and 
electrical bulk conductivity ([4], [5]). The analysis is based on effective parameters 
describing the dielectric permittivity and electrical conductivity . However, previous 
study [6] has shown that aparent permittivity from travel time analysis is closely related 
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to the real part of the frequency depandent dieletric permittivity at high frequencies 
(roughly between 1 and 1.5 GHz). At this frequency, it is well known that dieletric 
permittivity is almost insensitive to soil texture or bulk conductivity [7]. On the contraty, 
at lower frequency (below 200 MHz), the dielectric permittivity is much more sensitive 
to the soil structure and the pore water phase and solid phase interaction [8]. Thus, 
the determination of dielectric permittivity over a broad frequency range seems to be 
fundamental to develop robust model to estimate soil parameters other than free pore 
water content. Moreover, the extensive use of remote electomagnetic method in civil 
or geo-environmental engineering requires the knowledge of dieletric permittivity over 
broad frequency range. For example, the analysis of measurements using ground 
penetrating radar needs the perfect knowledge of electromagnetic properties to 
localize disturbances in space rather than in time [9]. In the presented framework, we 
aim at developping a laboratory measurement device that allows the brodband 
characterization of compacted partly staurated coarse grained materials under 
controlled boundary conditions. The main goal of our research is to develop inverse 
analysis of frequency dependant dielectric characteristics to simultaneously estimate 
moisture content, electrical conductivity and density. 
The objective of this paper is to introduce the design, application and assessment of 
a new methodology to obtain the broadband complex effective relative permittivity of 
coarse grained soils. The first part of the report will focus on the design of the coaxial 
cell. The impact on the cell deisgn on the constraints imposed by the materials and 
our objectives are discussed.  The second part is dedicated to the calibration of the 
cell. The calibration is based on a model for a non uniform tranmission line introduced 
in [10]. The unknown parameters of the cell were determined using measurement in 
perfectly known dielectric in an optimization scheme. Then, a validation of the method 
is performed using standard liquids. Measurements made on salt water and ethanol-
water mixture are performed. Obtained dielectric spectrums are compared with results 
from litterature. Finally, the last part of the paper is dedicated to the application of the 
cell to characterise coarse-grained road base material. The computation of the 
frequency-dependant complex permittivity was done by assuming a dielectric 
dispersion model. A relaxation model (a double modified Cole Cole) and a mixing 
equation (3 phases) were tested and compared. The results provide a robust 
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estimation in terms of root mean square error and show the capability of such large 
coaxial cell for characterising the dielectric parameters of coarse-grained materials. 
2. DESIGN OF THE LARGE COAXIAL CELL 
The main challenge for characterising the dielectric behaviour of materials with large 
heterogeneities is the minimum size of samples with respect to the Representative 
Elementary Volume (REV). According to [11], material sample dimensions need to be 
at least three times greater than the maximum dimensions of the major aggregate. In 
most aplications, transmission or reflection line systems in Transvers Electromagnetic 
Mode (TEM) are currently used to assess the relative complex permittivity. In these 
conditions, a compromise between the upper frequency limit of use and the maximal 
size of heterogeneities have to be made. Litterature reports a large number of studies 
focus on using dielectric spectroscopy for determining the frequency dependent 
dielectric behaviour of coarse grained materials. But most studies were restricted on 
concrete (or mortar) with 2 port coaxial cells ([12], [13], [14]). For coarse grained soils, 
several studies were made in time domain ([15], [16], [17]) but to the best knowledge 
of the authors, no studies have been undertaken with coarse grained soils in the 
frequency domain. The materials targeted for our application can present a large 
particle size of up to 25 mm. In this configuration, the design of a large coaxial cell is 
required. The second main design constraints consist in having the possibility to 
compact the soil directly in the measurement device. In order to comply with existing 
compaction tests from geotechnical engineering, at least three layers of compacted 
material need to be placed in the cell with the height of the layers being approx. 3 
times the maximum particle size. The preparation of the sample in a separate 
container with subsequent sampling for conducting dielectric measurement is not 
feasible as the sample would be disturbed to such a large degree that dielectric 
measurements would be falsified.   
To allow compaction of the soil and to simplify the overall design, a one port 
measurement cell was designed. The measurement were made directly in frequency 
domain with vector network analyser (VNA) rather than measuring in time domain and 
applying inverse discrete fast Fourier transform (DFFT). This choice was motivated by 
the results presented in [18] where both approaches have been compared. The large 
coaxial cell was made with three different coaxial line sections. The first section, called 
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the coaxial feeding line is a commercial connector from SPINNER [19]. It consists in 
a 50 Ω conical transition from the dimension of the connector (N-type connector) to a 
larger dimension (diameter of inner conductor 66 mm, diameter of inner conductor 
151.9 mm). The cut of frequency is given by the manufacturer and is 860 MHz. The 
rest of the cell is based on the dimensions defined by this feeding line. The second 
section is a sealing system made with a PVC ring to protect the connectors from water. 
The third section is the part where the material needs to be characterized is inserted, 
is called the probe section. Please note that the sealing system and the probe section 
share the same section. The probe section is open at the end to allow compaction of 
the material directly in the cell from the top. In this condition, any disturbances (object, 
hand,) should be avoided at the vicinity of the end of the probe when a measurement 
is performed in order to avoid to perturbation the fringing field. (Measurement are 
performed with 50 averages and last around 10 s). 
A schematic of the cell is shown in Fig 1, the known dimensions of each part are 
provided. Fig 2 shows the overall set-up and a detailed image of the cell. The space 
between the inner and outer conductor is 85.9 mm which means that materials with a 
maximal particle size of 28.6 mm can be characterized. Obviously, the empty coaxial 
cell, which means the probe in air, is not matched, since the sealing system within the 
probe section is made of PVC. In order to take this into account, a model for non-
uniform transmission line involving the geometric parameters and the material had to 
be developed and used. A similar cell for liquids was presented in [20] but with smaller 
dimensions: d = 45 mm and Din= 105 mm.  
 
Fig. 1: Schematic of the one port coaxial cell  
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                 a)                                                                                   b)                                   
Fig. 2: Illustration of the one port coaxial cell – a) Overall set-up with complete coaxial 
cell – b) Inner and outer part of sealing section and probe section 
3. CALIBRATION 
3.1 Background: transmission line theory 
The general solution of the governing equation for a transmission line can be written 
in frequency domain as [21]: 
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where z is the position along the line, V the voltage between the conductors, I the 
current in the transmission line, V+ and V- are two unknown constant in the general 
solution, γ is the propagation factor and ZC is the characteristic impedance. This 
solution is only valid for TEM mode where the current and the voltage can be uniquely 
defined. The propagation factor and the characteristic impedance can be defined using 
the per-unit length parameters: r, l, g, and c. These parameters are functions of the 
cross-sectional geometry of the line and the electromagnetic properties of the material 
between the conductors. The electromagnetic properties of a material are its dielectric 
permittivity ε, its magnetic permeability μ and its electrical conductivity σ. The dielectric 
permittivity and magnetic permeability are typically defined in terms of relative 
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permittivity εr = ε/ε0 and relative permeability μr = μ/μ0 with ε0=8.854 10-12 F/m is the 
vacuum permittivity and μ0=4π 10-7 H/m is the vacuum permeability. In generic form, 
the per-unit length parameters can be defined as [22]: 
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where f is the frequency, rs is the surface resistivity of conductor (in Ω), η is the 
geometric factor for resistance (in m) and ψ the geometric factor for inductance, 
capacitance and conductance (dimensionless). Surface resistivity is dependent of 
frequency (skin depth effect) and can be approximated for good conductors by [22]: 
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where αS is a characteristic of the conductor (in Ω.s0.5). 
Nevertheless, the use of the per-unit length parameters to express the propagation 
factor and the characteristic impedance is not the best parametrization possible since 
they are not independent. A better parametrization was proposed in [23], where γ and 
ZC can be computed according to: 
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Where c0 is the speed of light in vacuum, Z0 is the geometric impedance of the line 
(defined as the characteristic impedance in free space) and A is the resistance 
correction factor to take into account the surface resistivity of the conductors (linked 
with skin effect). The Z0 and A factor can be written as [24]: 
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Where αR is the resistance loss factor (in s0.5). Please note that, in this formulation, A 
is now a function of αR and μr whereas Z0 is only a function of geometric factor ψ.  
This parametrization is interesting because the propagation factor and characteristic 
impedance (equations 4 and 5) of the solutions of telegraph equation are now 
expressed in terms of independent physical parameters: geometric factor Z0, materials 
properties εr and μr and resistance factor αR. Finally, each transmission line can be 
characterized by these four parameters. Moreover, for a transmission line of a physical 
length equal to d, the impedance at the beginning of the line (z=0) can be expressed 
according to [25]: 
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Where,  ZL is the load impedance (i.e. the impedance at the end of the line ZL = Z(z=d)). 
In the following, we do not consider magnetic materials: the relative permeability μr 
was consequently set to 1. 
3.2 Scattering function of a non-uniform transmission line 
The electrical equivalent circuit of the complete coaxial cell is represented Fig. 3 where 
Z0 is the source impedance (Z0 is equal to 50 Ω). 
 
Fig. 3: Equivalent circuit of the complete coaxial cell. 
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Based on this scheme and equation 8 in a bottom up fashion, the impedance at the 
beginning of the line (i.e. in VNA plane) can be defined. The first step was to express 
the impedance at the end of the cell. A capacitance model was used:  
 
0
1
Cj
ZL

   (9) 
Then, the expression of the impedance in the plane P1 can be written as a function of 
the probe parameters: 
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The same step is done two times to obtain the impedance in the plane of the VNA: 
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The scattering function is finally computed: 
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3.3 Calibration with known dielectric materials 
The calibration problem consists in determining the unknown parameters of the 
complete coaxial cell. This was achieved by minimizing the cost function between the 
measured and modeled scattering function. Two measurements made in well 
characterized dielectric reference materials were used simultaneously: air and 
deionized water. The permittivity of air can be assumed to be equal to 1 for the whole 
frequency range. The permittivity of deionized water was computed as a function of 
the temperature and frequency according to the Debye equation [26]: 
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with ω=2πf being the angular frequency, high frequency limit of relative permittivity ε∞, 
relaxation strength ΔεW, the relaxation time τW. The temperature dependent relaxation 
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time τW was computed according to Eyring equation [27]. The temperature dependent 
relaxation strength ΔεW and high frequency limit of permittivity ε∞ are computed 
according to [28] using an empirical equation. 
Some a priori assumptions were made to reduce the number of parameters. The 
commercial coaxial feeding line and the sealing system were considered as loss less 
lines which induced αRprobe = αRsealing = 0. Please note that although the geometric 
factors Z0 may be computed analytically for a coaxial line, we choose to consider these 
factors as free parameters. Finally, we have to determine 10 parameters which are, 
from the end of the line to the measurement plane: C0, Z0probe, αRprobe, dprobe, εrsealing, 
Z0sealing, dsealing, εrfeed, Z0feed, dfeed.  
A Monte Carlo Markov Chain (MCMC) algorithm was used to obtain the best fit. In this 
algorithm, the 10 parameters are considered as unknown parameters for which a 
series of MCMC samples following a Gaussian-likelihood-based posterior distribution 
are generated by using a Gibbs sampling method [29]. Then, posterior-mean 
parameter estimations obtained by averaging over these samples are used to get the 
best fit between the measurements and outputs of the modeling given in equation 13. 
The needed information is a lower and upper bound and a starting guess for each of 
the parameters. Parameters values and standard deviation are computed after 
skipping warming-up iterations. For the measurement in air, only the phase of the 
scattering function was used in the MCMC algorithm since the dynamic of the modulus 
was very low. 
Fig 4 and 5 represent the comparison between the measured scattering function 
S11(ω) and the best fit obtained from the MCMC algorithm for air and water. The Roots 
square mean error (RMSE) obtained is 0.0274. The fit match closely the experimental 
data. 
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Fig. 4: Comparison between experimental data and best fit in air (left) and Fig. 5: 
Comparison between experimental data and best fit in deionized water (right). 
 
Table 1 gives the estimated value of the parameters obtained with MCMC optimization 
as well as the corresponding standard deviation.  
 
Table 1: Parameters determined in MCMC optimisation as well as standard deviation. 
 Probe section Sealing section Feeding section 
 C0 Z0probe αRprobe dprobe εrsealing Z0sealing dsealing εrfeed Z0feed dfeed 
 pF Ω s0.5 mm [-] Ω mm [-] Ω mm 
Estimated 
value 
1.35 49.98 1.47 205.04  2.20  47.02  34.32  1.12  52.40  113.31 
Standard 
deviation 
0.009 0.044  0.406  0.012  0.032 0.371  0.316  0.040  0.981  0.862  
 
The estimated parameters are physically meaningful. For example, the geometric 
impedance of the different sections was found to be close to 50 Ω. The only parameter 
which was found to be different from what we could expect is the permittivity of the 
feeding section which was estimated at 1.12. According to the data from the 
manufacturer, the material of this section is PFTE with dielectric permittivity equal to 
2.1. The origin of the difference could be the fact that not the full connector is filled 
with PFTE. As explained in [23], it is important to note that different combinations of d, 
Z0 and εr can result in the same waveform. To avoid unrealistic parameter, one 
parameter has to be known or assumed. Here, for the probe section and the sealing 
section a narrow band with close boundaries of the length of the line were used in the 
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MCMC algorithm. For the feeding section, since we did not get any information on the 
length, all three parameters were handled as free parameters. Although the value of 
the dielectric permittivity seems to be low, the computed characteristic impedance of 
this section is equal to 49.51 Ω which is quiet acceptable.  
The calibration results were used as an input in the following section to compute the 
dielectric spectrum of coarse grained soils. The same methodology for the calibration 
was used. The difference will only be in the model used to describe the frequency 
dependency of the material to be characterized. 
4. VALIDATION OF THE METHOD WITH STANDARD MATERIALS 
In a first step, the method was applied on standard liquids. Measurements of S11(ω) 
were performed with the coaxial cell filled with salt water and ethanol water mixture.. 
For ethanol water mixture, the mixture was prepared with a mole fraction of ethanol xe 
equal to 0.34. 
In order to compute the relative complex permittivity, a modified Debye model was 
used to describe the frequency dependency of the material within the cell. Basically, 
this model is similar to the classic Debye (equation 14). A direct current contribution 
)/( 0j  was simply added to the equation to integrate low frequency conductivity 
loss. (Please note that this contribution should not be present for ethanol water 
mixture. But during our measurement, the cell was not cleaned perfectly which induces 
the presence of impurities in the liquid). The 10 parameters obtained during the 
calibration were used as input in the scattering function model (equation 9 to 13). The 
permittivity of the material in the probe (e.g. εrprobe) will be now computed according to 
modified Debye. In this framework, the 4 unknown parameters of the models (ε∞, ΔεW, 
τW.and σW) were computed by fitting the measured scattering function in an 
optimization scheme using MCMC algorithm.  
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a)                                                                                   b) 
Fig. 6: Comparison between experimental data and best fit with modified Debye for a) 
Salt water – b) ethanol/water mixture 
 
In Fig. 6, the comparison between the measured scattering function S11(ω) and the 
best fit obtained with modified Debye is presented for each material. A good 
agreement can be observed. The complete results, RMSE and the values of the 
parameters, are given in Table 2 with εS. The spectrums are plotted in Figure 7. 
Table 2: Parameters determined in MCMC optimisation with modified Debye as well 
as RMSE. 
 RMSE ε∞ Δε εS = Δε+ε∞ τ σ 
 [-] [-] [-] [-] [ps] [mS/m] 
Salt water 0.0202 7.88 71.41 79.29 8.22 55.4 
Ethanol water 0.0323 14.16 34.48 48.64 40.77 2.1 
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a) b) 
Fig. 7: Estimated relative complex permittivity with modified Debye for a) Salt water – 
b) ethanol/water mixture 
 
From a qualitative point of view, the spectrums present the expected shape. For Salt 
water, the real part of the relative complex permittivity is almost not frequency 
dependent with a value around 80. On the other hand, the imaginary part is strongly 
frequency dependent. The low frequency part is dominated by the direct current 
contribution and the tail of the free water relaxation can be distinguished for higher 
frequency. For ethanol water mixture, the relaxation can be expected for lower 
frequency (i.e. for higher relaxation time): both real and imaginary part are frequency 
dependent. 
Otherwise, for salt water the estimated parameters are in good agreement with the 
existing empirical model (see paragraph 3.3, [26] and [28] for details). Indeed, the 
measured temperature (22.3 C) predict a value of 79.32 for εS whereas estimated 
value here is equal to 79.29. A good comparison is obtained too for τ: the empirical 
model would give a value of 9.05 ps, whereas estimated value here is equal to 8.22 
ps. Finally the estimated value of conductivity (55.4 mS/m) is in relatively good 
agreement with the measured one (64.2 mS/m was measured with a conductimeter). 
For ethanol water mixture, the estimated parameters were compared with data 
proposed in [30]. In this paper, data for ethanol mixture permittivity were given with 
different mole fraction of ethanol (0.22, 0.36, 0.54, 0.76) for different temperature (from 
0 to 60 C, with a step of 5 C). Here, a temperature of 24 C was measured. Although 
the conditions do not match exactly, our estimated data will be compared with the 
closest configuration (mole fraction of ethanol equal to 0.36 at 25 C). For εS, our 
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method gave a value of 48.64, whereas a value of 45.2 was given in the study. For τ, 
our method gave a value of 40.77 ps, whereas a value of 45 ps was given. The 
obtained data are in reasonable agreement. The next step will be now focus on the 
determination of the relative complex permittivity of coarse grained materials.  
 
5. APPLICATION TO PARTLY-SATURATED COMPACTED COARSE SOILS 
 
5.1 Materials 
The unbound granular (UBG) road base material of subtype 2.1 was used in this study 
with a view to monitor moisture and density in real roads. The material was 
manufactured at a quarry in South-East Queensland to the C grading classification 
according to the MRTS05 (Unbound Pavements specification, Department of 
Transport and Main Roads 2015). The sample was made from a fine grained contact 
metamorphic source rock of hornfels origin. It was transformed from sedimentary rocks 
composed of clay and mud-rich minerals. Primary minerology of the rock consists of 
32 to 58% feldspar, 6 to 13% quartz, 4 to 19% microcrystalline feldspar, 3 to 6% 
epidote and 1 to 4% calcite. Moreover, the sample has roughly a volume of 26% soft, 
deleterious minerals including 15 to 21% biotite mica, 3 to 6% serisite, 1 to 4% limonite, 
1 to 4% chlorite and trace amounts of pyrite. 
The optimum moisture content (OMC)-maximum dry density (MDD) relationship and 
Atterberg limits were determined in accordance with [31] . The OMC of the material 
was 7.9% with the MDD value 2211 kg/m3. The fine fraction of the sample had liquid 
limit 22.6%, plasticity index 5.0% and linear shrinkage 5.0%. The linear shrinkage is 
above the specification limit of 3.5% which might indicate higher percentage of 
weathered materials within the fine fraction.  
The particle size distribution showed that 10% material are finer than 0.075 mm and 
100% material are finer than 19 mm. Almost 50% of the material lies above and below 
2.36 mm. More precisely, the larger particles of this well graded road material ranging 
between 9.75 mm and 19 mm shows that largest particle size is 17.5 mm. 
In this study, samples with three different water contents with almost constant dry 
density were investigated. Target moisture content was mixed properly with the soil 
sample. Soil was then poured carefully into the cell and compacted in between the 
outer and inner coaxial tubes in three layers where each layer was compacted having 
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equal number of tamping with a view to maintain constant density over the whole tube. 
The target density was roughly 85% of maximum dry density. Moisture content was 
increased with the same sample and compaction was done accordingly. The 
determination of the state parameters of the samples was done after electromagnetic 
measurements. For this, the material was taken out of the cell and classical gravimetric 
measurements were performed. Table 3 gives the state parameters of the samples 
under investigation. 
Table 3: State parameters of the samples under investigation. 
Sample Gravimetric 
water content 
Volumetric 
water content 
Dry density Porosity Saturation 
degree 
 w [%] θ [%] ρD [kg/m3] n [-] S [%] 
TMR1 4.72 8.83 1870.4 0.26 35 
TMR2 6.77 12.79 1888.0 0.24 56 
TNR3 8.47 16.43 1940.6 0.20 87 
 
5.2  Models for estimation of relative complex permittivity 
Two models considering the frequency dependence of the complex permittivity were 
used for coarse grained materials. The first model is based on a phenomenological 
description of the relaxation process: a Generalized Dielectric Relaxation (GDR) 
model was used [32]. Generally for high frequency measurement on porous media, 
three relaxation process are expected: free water relaxation, and 2 relaxation 
mechanisms which are related to interactions between the aqueous phases and solid 
particles (absorbed water, Maxwell Wagner effect and counter ion relaxation) [33]. 
Since free water relaxation occurs at frequency around 20 GHz, we consider two 
relaxation processes based on Cole-Cole terms to account for the interfaces process.  
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  (15) 
with ω=2πf being the angular frequency, high frequency limit of permittivity ε∞, 
relaxation strength Δεk, relaxation time τk and stretching exponents 0 ≤ βk, b ≤ 1 of the 
kth process and apparent direct current electrical conductivity σDC. In the following, the 
highest frequency process will be denoted as IF (as intermediate process) whereas 
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the lowest frequency will be denoted as LF (low frequency process). Please note that 
in this configuration, the term ε∞ should include some contributions of the free water 
relaxation (which could be considered as the high frequency process if the frequency 
range was broader). 
Theoretical mixing models consider the soil as a porous medium which is composed 
of different phases: solid particles (various mineral phases), pore air and a pore fluid. 
Lichtenecker and Rother [34] proposed the following equation based on a simple 
principle: a certain power of the permittivity is averaged by volume weights:  
 
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krk
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effr V
1
,, .   (16) 
with relative complex dielectric permittivity of the soil εr,eff, volume fraction Vk (with 
1 kV ) and corresponding complex relative permittivity εr,k. and the exponent a or 
structure factor (-1< a <1). In its simplest form, the soil is seen as composed of three 
phases: solid, air and water. Since the electromagnetic properties of bound water 
phases are poorly known and understood [35], the distinction of water phases in 
regards to their binding states is neglected and the complete pore water is considered 
as free water. Moreover, different studies have pointed out the importance of the 
structure factor. Taking into account the findings from [36] where the dependency of 
structure factor with water content was suggested and [37] where the dependency of 
pore water conductivity with water content was proposed; a so called Advanced 
Lichtenecker and Rother Model (ALRM) was suggested [38]: 
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with εr,G  the relative permittivity of solid phase, εW the relative complex permittivity of 
the pore fluid.  
 
To compute the relative permittivity of solid phase, the  relationship proposed in [37] 
was used : 
 0062.0).44.001.1( 2,  GGr    (18) 
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Considering that ρG = 2.65, a value of 4.72 was used for εr,G  For the pore fluid a 
modified Debye model [39] was used to take into account the temperature and 
frequency dependency: 
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with apparent pore water conductivity σW. The temperature dependent relaxation 
strength ΔεW, high frequency limit of relative permittivity ε∞ and relaxation time τW are 
computed according the same relationship as pure water ([28], [27]). 
 
The shape factor and the pore water conductivity were computed according to 
empirical equations: 
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with Ai, Bi and Ci temperature independent constants and σ0W apparent pore water 
conductivity at reference state (at 298.15 K, [40]). 
 
5.3  Results obtained with GDR model 
The permittivity of the material in the probe (e.g. εrprobe) will be now computed 
according to GDR model (equation 15). This operation consists in estimating 8 
parameters: the high frequency limit of permittivity ε∞ , the three parameter of IF 
process: relaxation strength ΔεIF, relaxation time τIF and stretching exponent βIF and 
the three parameters of LF process: relaxation strength ΔεLF, relaxation time τLF and 
stretching exponent βLF. In Fig. 8, the comparison between the measured scattering 
function S11(ω) and the best fit obtained with GDR is presented for each sample of 
TMR soil whereas the complete set of parameters as well as the root square mean 
error is given Table 4. 
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a)                                                                      b) 
c) 
Fig. 8: Comparison between experimental data and best fit with GDR for TMR 
samples a) TMR1 – b) TMR2 – c) TMR3 
Table 4: Parameters determined in MCMC optimisation with equation 15 as well as RMSE. 
 RMSE ε∞ ΔεIF τIF 1-βIF ΔεLF τLF 1-βLF σDC 
 [-] [-] [-] [ns]  [-] [μs] [-] [mS/m] 
TMR1 0.0255 6.90 4.13 31.18 0.64 167.04 2.57 0.36 15.92 
TMR2 0.0482 7.00 4.27 1.49 0.78 91.35 0.52 0.29 22.07 
TMR3 0.0232 9.19 4.62 3.65 0.77 273.47 2.53 0.34 27.61 
 
As it can be seen, the optimized model matched closely the measured scattering 
function S11(ω). One can observe a slight difference in the comparison between 
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modeled and measured argument of S11(ω) for TMR2 (around 700 MHz). Please note 
that the obtained spectrum will be presented in paragraph 5.5. It is yet complicated to 
try to find any correlation between the state parameters (water content or porosity) 
and the relaxation parameters with only 3 measurements. In future studies, a larger 
amount of samples with different water contents and porosities will be investigated. 
Moreover, the frequency range will be extended to lower frequency to improve the 
quality of estimation of the LF process.  
 
5.4 Results obtained with ALRM model 
In the case of the ALRM model, the state parameters (water content and porosity) 
were used as input and the 3 measurements were simultaneously fitted at the same 
time. Here, the objective is to compute the best set of 6 parameters (Ai, Bi and Ci i=1,2) 
which would describe the complete set of measurements. 
In Fig. 9, the comparison between the measured scattering function S11(ω) and the 
best fit obtained with ALRM on the whole 3 samples is presented for each soil. The 
global RMSE is 0.0471. The following values were obtained: A1 = 0.62, B1 =1.00 , C1 
= -0.14, A2 = 687.47, B2= -9.10 and C2 = -1.24. The corresponding shape factor a(θ,n) 
and apparent pore water conductivity σW(θ,n) were computed with equations 20 - 22 
and are given in Table 5. Please note that the obtained spectrum will be presented in 
4.5.  
We can observe a close match between the optimized model and the measured 
scattering function S11(ω). The largest mismatch can be observed for TMR2 for the 
lower part of the modulus and around 700 MHz for the argument. The values obtained 
for shape factor are consistent with literature: [37] found optimal values of 0.65. For 
the apparent pore water conductivity more analysis need to be done to validate theses 
values. Finally, the values obtained for Ai and Bi parameters are comparable to the 
values obtained in [38] or in [41]. Nevertheless, it is more likely that these parameters 
are material-specific parameters which should be investigated for different type of soil. 
It is important to note that the ALRM model is used in a forward approach: it requires 
the knowledge of the volumetric water content and porosity. Considering the height of 
the cell, it is possible to obtain a non-homogeneous sample. For next measurements, 
the water content and porosity will be checked by taking sub samples and compute 
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the water content and porosity by averaging. This approach could improve slightly the 
accuracy of ALRM model. 
  
 a) b) 
 
c) 
Fig. 9: Comparison between experimental data and best fit with ALRM for TMR 
samples a) TMR1 – b) TMR2 – c) TMR3 
 
Table 5: Shape factors and apparent pore water conductivity computed with ALRM. 
Sample Shape factor Apparent pore water conductivity 
 a(θ,n) [-] σW(θ,n) [S/m] 
TMR1 0.68 0.68 
TMR2 0.64 0.61 
TMR3 0.58 0.62 
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5.5 Discussions 
Finally the estimated relative complex permittivity for both models is compared in Fig. 
10 for the 3 samples. 
 
  
 a) b) 
 
c) 
Fig. 10: Estimated relative complex permittivity with both models. a) TMR1 – b) 
TMR2 – c) TMR3 
 
For a more qualitative comparison, Table 6 gives the values obtained at 50 MHz and 
860 MHz: 
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Table 6: Estimated relative complex permittivity at 50 MHz and 860 MHz. 
Sample εr @ 50 MHz εr @ 860 MHz 
 GDR ALRM GDR ALRM 
TMR1 9.4 –j*8.3 8.6 – j*8.5 7.5 – j*0.9i 7.2 – j*0.7 
TMR2 11 – j*10.7 11.1 –j*12 9.1 – j*1.2 9.5 – j*1.1 
TMR3 13.3 – j*13.1 13.2 – j*13.5 11.1 –j*1.4 11.6 – j*1.2 
 
The spectrums present a typical behavior of porous medium. We can observe a slight 
dispersion for the real part with values roughly between 40 and 7 over the frequency 
range. As expected, higher permittivity values are observed for higher water contents 
(see Table 6). Much higher values can be observed for the imaginary part, which can 
be explained by the contribution of the direct current conductivity σDC towards the low 
frequency range. The comparison between the two estimated spectra shows a 
reasonable agreement. The estimated real parts are in close agreement for TMR2 and 
TMR3. For TMR1 a slight difference can be observed around 50 MHz but as shown in 
Table 5 the results are quiet acceptable. For imaginary part, we can observe a slight 
difference for TMR2 and a larger one for TMR3 but Table 5 shows that this difference 
remains acceptable.  
Although no previous study were made on the determination of the frequency 
dependent relative complex permittivity of coarse grain soil, it is fundamental to 
compare our approach with results obtained on other types of soil. The literature 
reports similar studies made on fine grain soils. All of these studies were made in Time 
Domain and requires a DFTT to compute the scattering function S11(ω) from the 
measured reflection coefficient in time (t). The choice of the model used to estimate 
the frequency dependent relative complex permittivity from reflection coefficient is a 
key point of inversion strategy. As pictured by the authors, two different types of 
models are used: relaxation model and mixing equations. 
Relaxation functions are more popular models due to their flexibility to account for 
absorption and dispersion. Some authors considered in previous studies a relaxation 
function using one process (modified Debye or modified Cole-Cole). For example, a 
modified Cole-Cole model with 5 parameters (high frequency limit of relative 
permittivity ε∞, relaxation strength Δε, relaxation time τ , stretching coefficient β and 
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bulk conductivity σDC) was used in [42] to analyse the frequency dependent relative 
complex permittivity of silt loam and sandy soil over the 7.5 MHz -1.5 GHz frequency 
range obtained with a classical three rod probe in combination with time domain 
reflectometry (TDR). The results of the fit were not perfect: the modeled scattering 
function was able to reproduce the periodicity of the measured data (in modulus) but 
hardly the magnitude. A similar study was presented in [43] where the authors 
investigated high saline soils. A modified Debye model with a strong constraint was 
used (high frequency limit of relative permittivity ε∞ was fixed to 5) to fit the scattering 
function over the 3.6 MHz – 1.2 GHz frequency range (in this framework 3 parameters 
were estimated: relaxation strength Δε, relaxation time τ and bulk conductivity σDC). 
The results of fitting were not compared with the measured scattering function (or the 
scattering function computed with DFTT from the measured reflection coefficient in 
time). Here the objective of the study was to compare different methods of 
interpretation of reflection coefficient. Unfortunately, none of these two studies give 
RMSE which could be useful to compare the quantitatively the quality of the results. 
As explained in paragraph 4.2, at least two relaxation processes should occur on this 
frequency range. Thus, the results of the mentioned studies could be significantly 
improved by using a double modified Cole-Cole (or double modified Debye). 
A four phases mixing equation was applied by [10] on a fine grained soil (20% Sand – 
55 % silt – 25 % Clay) with a one port coaxial cell. In this framework the bound water 
phase was integrated as follows:  
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where θFW and θBW are respectively the volumetric free and bound water (in this 
configuration the volumetric water content θ is equal to the sum of θFW and θBW). 
Please note that in this formulation the dependency of the permittivity of bound water 
and free water have to be described by a modified Debye or modified Cole-Cole model 
which will induce extra unknown parameters (such as frequency limit of relative 
permittivity, relaxation strength, relaxation time, stretching coefficient and conductivity 
for each type of water). Strong assumptions were made on the relative complex 
permittivity of free and bound water which were described by a modified Debye 
function. The model assumed fixed relaxation strength, relaxation frequency as well 
as high frequency limit of relative permittivity, but with the conductivity of bound water 
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σBF and free water σFW remaining unknown. The volumetric bound water content was 
assumed to be equal to δρdAS with δ the mean thickness of the bound water, ρd the 
bulk dry density and AS the specific area. The mean thickness of the bound water was 
assumed to be constant and equal to 3.10-10 m. Finally, two configurations were tested. 
In the first configuration 6 parameters were estimated: θ, ρd, Aes, a, σBF and σFW. In the 
second configuration, the measured volumetric water content and dry density by 
conventional method were used as input, thus only 4 parameters were estimated: Aes, 
a, σBF and σFW. Both configurations have given almost the same spectrum with a good 
RMSE between estimated and measured scattering function but the estimated 
parameters were quite different. The difficulty to obtain robust parameter estimation is 
linked to the strong assumptions made for some parameters. The most critical 
assumptions are connected to the relative complex permittivity of the bound water 
phase. For example, a value of 4.22 was set for the frequency limit of relative 
permittivity, a value of 80 was set for the static permittivity (εS = Δε+ε∞) and a relaxation 
frequency (frel=1/(2πτ) ) of 9 kHz was set for the bound water. Several studies ([44], 
[45]) have shown that the static permittivity of bound water is significantly lower than 
80 and depend of the water content. In this context, using such fixed parameter will 
result in considerable mistakes in the estimation of the free parameters. These results 
indicate that further work is necessary to quantify and define the relative contributions 
of bound water. An interesting perspective was proposed in [46] and extended by [45] 
and [47] where theoretical mixing models were combined with phenomenological 
relaxation models which are used to describe soil suction effect on the dielectric soil 
property. This model is currently under implementation for coarse grained materials. 
This preliminary study has shown the high potential of the frequency method for 
characterizing coarse grained materials. A combination of relaxation model and mixing 
equation could provide a simultaneous estimation of water content, porosity (or 
density), bulk and pore water conductivity. The consideration of a suitable relaxation 
model provides the estimation of the frequency dependent relative complex permittivity 
and the bulk conductivity. A calibrated ALRM can provide an estimation of water 
content and pore water conductivity. The next steps of the study will focus on the 
validation of the calibration of ALRM on TMR soil. For this purpose, based on the 
obtained parameters from this study, the estimation of water content and porosity will 
be applied to unknown samples. The results will then be compared with estimations 
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made with classical methods. Thus, the final step will concern the implementation of 
the method to the field with appropriate sensors such as the flat band ribbon cable 
[48].  
6 CONCLUSIONS 
This paper reports the design, calibration and validation of a large coaxial cell built in 
order to measure the frequency dependent relative complex permittivity of coarse 
grained materials. The cell consists of three coaxial line sections: a feeding line which 
is basically a commercial conical transition, a sealing system, and the probe section 
where the material to be characterized is placed. Such a configuration allows the 
compaction of the soil directly in the cell. The dimension of the probe section offers 
the opportunity to measure heterogeneous materials with large aggregate dimensions 
(up to 28 mm). Based on the results of previous studies the measurement were directly 
made in frequency domain with a vector network analyser rather than measuring in 
time domain and applying inverse discrete fast Fourier transform (DFFT). The upper 
limit of the frequency range is 860 MHz and was imposed by the large dimension of 
the commercial transition to ensure pure TEM propagation within it. From the 
electromagnetic point of view, the complete system represents a non-uniform 
transmission line. A wave propagation model, assuming a TEM, was developed to 
model the scattering function S11(ω). Rather than using per-unit length parameters, 
each sections of the model were parametrized individually as a function of the length, 
the geometric impedance, relative complex permittivity and resistance loss factor. 
Finally, the developed model takes into account multiple reflection, dielectric 
dispersion and electrical losses due to the skin effect. 
The first step was to calibrate the whole system. Two measurements made in known 
dielectric materials (air and deionized water) were used to determine the 10 unknown 
parameters. This was achieved by minimizing the residual sum square of the 
difference between the measured and simulated scattering functions with a Monte 
Carlo Markov Chain algorithm. The quality of this step was validated with a good 
RMSE. 
In a second step, our method was validated with measurement performed on standard 
materials. Salt water and ethanol mixture were used. The spectrums were computed 
assuming a modified Debye model model (for both materials) and using the calibration 
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parameters as an input. The same fitting method and algorithm used for calibration 
was applied. The obtained spectrums were compared with results from literature. 
Results shows a good agreement and thus validated the assumption of pure TEM 
propagation model and the methodology. 
Finally, in a third step, the method has been applied to compute the frequency 
dependent relative complex permittivity of unknown material. A road based materials 
with heterogeneity up to 17.5 mm was selected for this study. Three samples with 
different water contents and almost constant dry density have been characterized. 
State parameters of the samples were determined after the electromagnetic 
measurement based on classical gravimetric water content measurement. To 
compute the dielectric properties, two different model were implemented. The first, the 
GDR (General Dielectric Relaxation) model, belongs to the group of relaxation models. 
This model involves 8 parameters considering two relaxations linked with interfaces 
processes, one high frequency limit of permittivity and one direct current contribution. 
The results have shown a good agreement between modelled and measured data with 
very low RMSE. The second model consists of a three phases (air, water, solid) mixing 
equation called the Advanced Lichtenecker and Rother Model (ALRM). The 
particularity of this model is the integration of a dependency of the shape factor and 
pore water conductivity with porosity and water content thanks to 6 empirical 
parameters. Thus, it was used in a forward approach using water content and porosity 
as input parameters. Moreover, all the three samples were optimized at the same time 
aiming at the calibration of the model in order to give more accurate description of the 
evolution of shape factor and pore water conductivity with changing water content and 
porosity. In terms of RMSE the model has given satisfactory results but not as good 
as with the GDR model. This result can be linked to the homogeneity of state 
parameters. Considering the dimension of the cell it is likely that the sample in not 
entirely homogeneous. In future investigations, the water content and porosity will be 
checked by taking sub samples in order to derive averaged values. Both models have 
provided almost the same spectra. The measured spectra present a typical behavior 
of porous media characterized by dispersion for real and imaginary part. The higher 
values observed for the imaginary part can be explained by the contribution of the 
direct current conductivity σDC towards the low frequency range. 
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The next study will focus on the validation of the calibration of the ALRM model to 
estimate water content and porosity. A new set of measurements will be performed on 
unknown TMR soils. Thus, the calibration parameters (coefficients Ai and Bi) will be 
used as input in an optimization scheme to estimate water content and porosity. This 
estimation will then be compared with classical methods to address the quality and 
limitation of the method. Furthermore, it should be highlighted that both models could 
be used in parallel to achieve a complete set of dielectric information and physical 
parameters. On the one hand, GDR can provide the best estimation of the dielectric 
spectrum (in term of RMSE) and an estimation of the bulk conductivity. On the other 
hand a calibrated ALRM will provide data for water content, porosity (or density), 
shape factor and pore water conductivity. An important step for bringing this approach 
into praxis concerns the application of our methodology on the field scale. This step 
requires the use of appropriate sensors. One experimental site already exists with flat 
ribbon cable sensors being installed. Yet, Time Domain Reflectometry measurements 
have been performed. Frequency Domain Measurement will be performed in future in 
combination with our proposed analysis in order to estimate the evolution in time of 
water content, density and pore water conductivity. 
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Appendix A 
 
Flowchart 1 Linkage of the attached papers 
A large coaxial reflection cell for broadband dielectric characterization of 
coarse-grained materials
Paper VII FDR Method
Comparison of TDR & FDR 
Data
Introduction of FRC Sensor for In Situ Moisture and Density 
Measurement of Road Materials Using Spatial TDR Method.
Paper VI MC & DensityFRC sensor/Spatial TDR
Introduction of flat ribbon cable (FRC) sensor for density measurement 
of road materials using time domain reflectometry (TDR)
Paper V FRC sensor/TDR Density
Soil moisture measurements using TDR along flat ribbon cable for 
estimating road performance
Paper IV FRC sensor/TDR MC
Soil Moisture and Density Monitoring Methodology using Spatial TDR 
measurements
MC & DensityRod sensor/Spatial TDR/Revised MethodPaper III
Flat Ribbon Cable Sensors for measurement of Soil Electrical 
Conductivity Using Time Domain Reflectometry
Electrical ConductivityPaper II Rod & FRC sensor/TDR
Use of Time Domain Reflectometry to estimate Moisture and Density of 
Unbound Road Materials: Laboratory Calibration and Real Field Investigation
Paper I Rod sensor/TDR MC & Density
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Figure 1 Field test procedures: (a) spikes being driven through template into soil 
surface using a template (b) multiple rod probe head in contact with spikes for 
measurement (Yu and Drnevich 2004) 
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Figure 2 Straight line relationship to obtain calibration constants where graph (a), (b) 
and (c) provide constants a,b ; c,d and e,f respectively (Yu and Drnevich 2004). 
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Figure 3 Comparison of models with experimental data obtained from T5X tensiometer 
(0-160 kPa) and Pressure plate apparatus (160-400 kPa) 
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Figure 4 Photographic view of the WT machine operating on extra-large size 
specimen: (a) compaction, (b) wheel-tracking 
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Figure 5 Top view of the (a) bottom, (b) middle and (c) top layer of the soil in WT 
experiment with possible arrangement of RP and FRC sensors. 
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Figure 6 Sectional view of the whole setup (Section A-A, Figure 5) showing the 
variation of water table during trafficking. 
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